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Abstract 
 Reproduction and energy metabolism are linked, and the interaction between 
these two biological systems is important for understanding obesity, infertility, sexual 
dysfunction, and eating disorders. Little is known about energy-reproduction interactions 
in natural systems, but understanding the underlying neuroendocrine mechanisms in 
biologically relevant contexts will be essential for understanding disease. This might be 
particularly true for diseases that are the result of human-made environments, such as 
modern, western, industrialized societies in which food is readily available with no 
energy expenditure required to procure this food. Obesity, diabetes, and metabolic 
syndrome are rampant in such societies and there are sex differences in the incidence of 
these diseases that have been linked to reproductive hormones. My work examines the 
basic biology of the link between energy intake, storage, and expenditure, and 
reproduction.   
In the laboratory model system that I study, the Syrian hamster (Mesocricetus 
auratus), reproductive and ingestive behaviors fluctuate over the ovulatory cycle, and 
these behavioral fluctuations are amplified by mild deficits in energy availability.  For 
example, in female hamsters, mild food restriction (75% of ad libitum intake) increases 
food hoarding and decreases the preference for spending time with males vs. spending 
time with food, but only on days of the estrous cycle when ovarian steroid secretion is 
relatively low. These particular behaviors (food hoarding and spending time with males) 
provide a window into motivation, and the data suggest that there is an important 
interaction between hormones and energy metabolism that controls these two behaviors. 
It is possible that effects of hormones on behavior are masked by the overabundance of 
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food, an effect that would be expected to occur in women from western, industrialized 
nations who do not limit their food intake. It is not known, however, how food 
availability interacts with the hormones of the estrous cycle to set behavioral priorities. I 
therefore examined the interaction of energy availability with ovarian steroid hormones 
to rank the motivation to engage in ingestive or reproductive behavior  
 This work is unique in that it examines behavior under semi-natural conditions 
that mimic important aspects of the natural environment. I used a simulated burrow 
system, which had been used previously by members of the Schneider laboratory to 
demonstrate that hormonally-controlled fluctuations in the choice between ingestive and 
sex behaviors are amplified by food restriction. In Chapter 2, I extended the list of 
amplifying factors to include not only food restriction, but also exercise and cold ambient 
temperature, showing that hormonal effects on behavior are responsive to the general 
availability of metabolic fuels as determined by not only energy intake, but also energy 
expenditure and storage. 
 I further hypothesized that interactions between energy availability and ovarian 
steroid hormones would be related to 1) circulating levels of estradiol but not 
progesterone, 2) circulating levels of the peripheral adipocyte hormone, leptin (a 
hormone thought to decrease food intake), and 3) cellular activation of gonadotropin 
inhibiting hormone (GnIH) and/or kisspeptin (Kp) (peptides thought to increase and 
decrease food intake respectively). Thus, in Chapter 3, adult female Syrian hamsters were 
mildly food restricted or fed ad libitum, and behavior and cellular activation measured 
over the estrous cycle. Activation of GnIH and Kp cells was determined by double 
immunohistochemical staining so that I could co-localize each of these peptides with Fos, 
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the protein product of the immediate-early gene, c-fos. Double-label staining for Fos and 
GnIH, for example, is a marker for activation of cells that synthesize GnIH. I determined 
that effects of food restriction on behavior were not associated with changes in the 
activation of Kp cells; were not associated with circulating levels of estradiol and 
progesterone; were not associated with the action of ovarian steroids on Kp cells, and 
were not associated with ovarian steroid effects on circulation concentrations of leptin; 
although plasma leptin concentrations were significantly decreased by all metabolic 
challenges, food restriction, cold ambient temperatures, and housing with running wheels. 
Effects of energy availability on behavior were closely associated with changes in the 
activation of GnIH cells in the dorsomedial nucleus of the hypothalamus (DMH). In 
female Syrian hamsters, food restriction significantly elevated activation of GnIH-
immunoreactive (ir) cells in the DMH only on infertile days of the estrous cycle. 
Increases in activation of GnIH-ir were blocked by peripheral treatment with 
progesterone alone, estradiol plus progesterone, but not estradiol alone (refuting my 
original hypothesis, and pointing instead to progesterone). These experiments yielded 
correlational evidence for the effects of GnIH on appetitive ingestive and sex behaviors, 
as well as for estrous cycle and exogenous steroid modulation of the activation of GnIH 
cells.  
I went beyond correlation to manipulate GnIH action to try and determine 
whether this hormone is necessary and/or sufficient for appetitive ingestive and/or sex 
behaviors. In Chapter 4, in ad libitum-fed females, intracerebroventricular infusion with 
GnIH significantly decreased appetitive reproductive behavior (preference for males and 
courtship scent marking) and increased appetitive ingestive behavior (food hoarding). 
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Thus, elevated levels of GnIH within the brain are sufficient to increase food hoarding or 
inhibit sexual motivation even when the animal is well nourished.  
 Together, the data are in line with the idea that energetic challenges increase 
GnIH cellular activation, and perhaps other peptide systems, that occurs during the early 
follicular phase of the estrous cycle when ovarian steroid concentrations are low. GnIH is 
one peptide that predisposes females toward vigilant food hoarding and eating food prior 
to mating, ensuring that if pregnancy occurs there will be ample energy to support the 
energetically costly process of lactation. Later in the estrous cycle as ovulation nears, the 
high levels of progesterone that occur in the brain at the time of ovulation switch 
behavioral priorities-in part by preventing food restriction-induced activation of GnIH 
cells, and presumably decreasing GnIH secretion. More specifically, food restriction-
induced increases in GnIH secretion make food hoarding a priority over reproductive 
behaviors when fertility is low, and high levels of brain progesterone can overcome the 
effects of GnIH when fertility is high. I have therefore uncovered some of the 
neuroendocrine steps involved in the control of behavioral priorities that might optimize 
reproductive success in environments where energy supply and demand fluctuate. 
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Chapter 1 
 
Introduction 
 Reproduction and energy metabolism are linked, and the interaction between 
these two biological systems is important for understanding obesity, infertility, sexual 
dysfunction, and eating disorders. Most of the chemical messengers that decrease food 
intake stimulate reproductive processes, whereas chemical messengers that increase food 
intake inhibit reproductive processes. Examples include leptin and estradiol, which are 
hormones that inhibit food intake and facilitate sex behaviors. Conversely, gonadotropin 
inhibiting hormone (GnIH), and neuropeptide Y tend to increase food intake and 
simultaneously repress the hypothalamic-pituitary-gonadal (HPG) system that controls 
reproduction. These are just a few of many such examples that demonstrate the 
inextricable link between energy intake, storage, and expenditure, and reproduction 
(reviewed by (Schneider et al., 2013)). Little is known about energy-reproduction 
interactions in natural systems, but understanding the underlying neuroendocrine 
mechanisms in biologically relevant contexts will be essential for understanding disease. 
My work examines the basic biology of the link between ingestive behavior and 
reproduction.   
 Reproduction in female mammals is energetically costly due mainly to the high 
energetic costs of lactation, but most animals evolved in environments in which energy 
availability fluctuates or is unpredictable (reviewed by (Bronson, 1989)). Energy is not 
always available to meet the high demand of reproduction, especially in female 
mammals. Thus, during the evolution of mammals, it might have been adaptive to 
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coordinate reproductive effort with energy availability. This coordination can be brought 
about by ovarian hormones, which fluctuate over the lifetime and over the ovulatory 
cycle. Estradiol and progesterone secretion from the ovary remains low prior to puberty, 
a time of rapid growth and body weight gain, whereas these ovarian steroids increase at 
puberty, after the female has reached an optimal size and, in most species, a high level of 
body fat and/or caloric intake (Bronson, 1989). As reviewed by Short 1984, estradiol and 
progesterone fluctuate over the mammalian ovulatory cycle, the menstrual cycle in 
primates and the estrous cycle in non-primates. Estradiol is low during the early follicular 
phase of the cycle, but rises just before ovulation, the time when the female’s ova can be 
fertilized by the male’s sperm. It is well known that these high levels of ovarian steroids 
binding to their hypothalamic receptors are necessary and sufficient for female sex 
behaviors in a wide variety of mammalian females. One possible function of low 
circulating concentrations of estradiol (and of high concentrations of progesterone) might 
be to increase foraging, food hoarding, and eating. By contrast to the early follicular 
phase, during the most fertile period, the periovulatory period, high levels of ovarian 
steroids inhibit the appetite for food and increase the desire to find mating partners, 
engage in courtship, and copulate. After ovulation and during pregnancy, high levels of 
progesterone might also facilitate foraging, food hoarding, and eating (Bhatia and Wade, 
1989). There is some evidence that this is true in women, but the results are unequivocal. 
There are many reports that daily food intake is significantly lower at the time of 
ovulation, but many other reports that found no significant differences over the cycle 
(Fessler, 2003). One possibility is that the effects of estradiol and progesterone are 
masked in women with as much food as they want with very little physical effort required 
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to obtain that food. The Schneider lab has been examining this possibility in Syrian 
hamsters. In Syrian hamsters (Mesocricetus auratus), reproductive and ingestive 
behaviors fluctuate over the four-day estrous cycle. On the first two days of the cycle, 
circulating estradiol concentrations are low, but rise gradually to reach their peak the 
night before ovulation. Mating behavior, the stiff, arched-back lordosis posture that 
allows males to intromit their penis, is stimulated by prolonged high concentrations of 
estradiol followed by the binding of progesterone in the brain (Erskine, 1989). Ingestive 
behavior also fluctuates over the estrous cycle, but when lordosis is high, daily food 
intake is slightly lower (Wade and Gray, 1979). The fluctuations in ovarian steroids and 
mating behavior are marked, whereas the changes in daily food intake are more subtle 
(Schneider et al., 1986). One possible explanation is that the effects of estradiol and 
progesterone are masked in female hamsters housed in artificial laboratory conditions 
with as much food as they want with very little physical effort required to obtain that 
food. 
Schneider and Klingerman asked whether the effects of hormones could be 
unmasked by subjecting hamsters to mild food restriction prior to testing ingestive 
behavior over the estrous cycle (Klingerman et al., 2010). In addition, rather than 
measuring only consummatory behavior (performance), they measured appetitive 
behavior (motivation). Appetitive ingestive behaviors in Syrian hamsters included food 
hoarding, whereas appetitive sex behaviors included time spent with a male vs. time 
spent with food. They found that mild food restriction (75% of ad libitum intake) 
increased food hoarding and decreased the preference for spending time with males vs. 
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spending time with food, but only on days of the estrous cycle when ovarian steroid 
secretion was relatively low.  
There are two things important about this experiment. First, when studying sex 
and ingestive behavior, it is important to examine motivation (appetitive behavior) as 
well as performance (consummatory behavior). These data suggest that hormone levels 
and ovarian steroids interact to control appetitive behavior. I therefore examined the 
interaction of energy availability with ovarian steroid hormones, and how this interaction 
sets behavioral priorities by changing the motivation to engage in ingestive or 
reproductive behavior. I tested the idea that low energy availability increases 
hypothalamic neuropeptide secretion, which in turn increases the motivation to hoard 
food and decreases sexual motivation. I further tested the idea that increased levels of 
ovarian steroids that occur at the time of estrous dampen hypothalamic neuropeptide 
secretion, facilitating sexual motivation and inhibiting food hoarding. 
 This work is unique in that it examines the hormonal mechanisms that control 
behavior under semi-natural conditions that mimic important aspects of the natural 
environment. I used a simulated burrow system, which had been used previously by 
members of the Schneider laboratory to demonstrate that hormonally-controlled 
fluctuations in the choice between ingestive and sex behaviors are amplified by food 
restriction. Using this apparatus, I did experiments with the following specific aims: 
Specific Aim 1: My first goal was to determine whether fluctuations in ingestive 
behavior over the estrous cycle are unmasked by metabolic fuel availability in general or 
food intake in particular. Therefore, I examined the effects of increasing energy 
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expenditure in animals. Energy expenditure was increased by either housing hamsters at 
low ambient temperatures or by providing running wheels. 
 Specific Aim 2: My second goal was to determine whether interactions between 
energy availability and ovarian steroid hormones are closely linked to circulating levels 
of hormones and activation of cells that secrete neuropeptides thought to control food 
intake. I examined the role of estradiol, progesterone, leptin, GnIH, and kisspeptin (Kp). 
Thus, Syrian hamsters were mildly food restricted or fed ad libitum, and behavior and 
cellular activation of GnIH and Kp cells were measured over the estrous cycle. Activation 
of GnIH and Kp cells was determined by double immunohistochemical staining so that I 
could co-localize of each of these peptides with Fos, the protein product of the 
immediate-early gene, c-fos. Double-label staining for Fos and GnIH, for example, is a 
marker for activation of cells that synthesize GnIH.  
Specific Aim 3: I designed and carried out experiments to determine whether 
GnIH is necessary and/or sufficient for appetitive ingestive and/or sex behaviors. Thus, to 
demonstrate that that GnIH is sufficient, I examined the ability of GnIH to increase food 
hoarding and/or inhibit sexual motivation in well-nourished animals. To test this, ad 
libitum-fed or food-restricted females were treated with intracerbroventricular (ICV) 
infusion of either GnIH or saline. During treatment subjects were tested within 
specialized behavioral apparatuses that assessed ingestive motivation, sexual motivation, 
and the choice to engage in either of these behaviors. In collaboration with the Kriegsfeld 
laboratory, I examined the effects of food restriction on sex and ingestive behavior in 
animals in which expression of the gene for GnIH had been prevented by RNA 
interference.  
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Background and Significance 
 To understand the interaction of energy availability with the reproductive system, 
it is important to review the basics of the hypothalamic-pituitary-gonadal (HPG) system 
and its effects on reproductive and ingestive behavior. 
Controls of the Reproductive System 
The Female HPG system: 
 The brain hormone, gonadotropin releasing hormone (GnRH), is a pivotal point in 
the HPG system because it can be controlled by environmental cues, such as food 
availability, day length, and the perception of danger. Pulsatile release of gonadotropin 
releasing hormone (GnRH) from the medial basal hypothalamus and binding of GnRH to 
its receptor in the anterior pituitary stimulates the release of the gonadotropins, 
luteinizing hormone (LH) and follicle stimulating hormone (FSH). These gonadotropins 
enter general circulation and reach the ovaries where they are important for both the 
development of the follicle and ovulation.  LH and FSH are also important for inducing 
the synthesis of estradiol. During the early follicular phase of the ovulatory cycle, 
estradiol inhibits the release of GnRH and LH. At low concentrations, estradiol rapidly 
inhibits the secretion of GnRH and LH and acts through non-classical, estrogen response 
element (ERE)-independent mechanisms to provide negative feedback on GnRH and LH 
(Glidewell-Kenney et al., 2007).  As the follicles develop, the circulating concentrations 
of estradiol rise, and prolonged, high concentrations of estradiol have positive feedback 
effects on GnRH secretion thereby inducing the GnRH and LH. These actions of estradiol 
are mediated through classical ERE-dependent mechanisms in which the estradiol-
11 
 
receptor complex acts as a transcription factor (Glidewell-Kenney et al., 2007; Kraus et 
al., 1994).  In addition, just before ovulation, prolonged, high concentrations of estradiol 
induce neuroprogesterone secretion and progesterone receptors, which are necessary for 
propagation of the GnRH and LH surges (Chappell and Levine, 2000; Micevych et al., 
2003) and (reviewed in (Micevych and Sinchak, 2008; Micevych et al., 2008), as well as 
occurrence of lordosis, the arch-backed posture assumed by the female during estrus, that 
allows the male to insert his penis in the female’s vagina (Erskine, 1989). The LH surge 
induces ovulation, and if mating occurs, the sperm may fertilize the released ova. After 
ovulation, progesterone is secreted by a structure formed by the ruptured follicle, known 
as the corpus luteum and high circulating levels of progesterone have negative feedback 
on GnRH and LH until the corpus luteum regresses (in females that do not become 
pregnant). This removal of inhibition allows the ovulatory cycle to begin anew 
(Reviewed by (Short, 1984)).  
 Progesterone action is necessary for the generation of the GnRH and LH surges. 
Estradiol strongly induces progesterone receptor (PR) expression (Parsons et al., 1980). 
Both progesterone receptor expression (Chappell and Levine, 2000; Sanchez-Criado et 
al., 1994) and neurally synthesized progesterone (DePaolo, 1988; Micevych et al., 2003) 
are needed for the gonadotropin surge. In OVX rats, estradiol and progesterone are 
needed to stimulate the LH surge (DePaolo and Barraclough, 1979; Micevych and 
Sinchak, 2013). Since increases in circulating concentrations of progesterone do not 
occur until ovulation has occurred, there has been debate over the source of pre-ovulatory 
progesterone. Recent work implicates the synthesis of neuroprogesterone. In intact rats 
pharmacological treatments that prevent the conversion of cholesterol to pregnenolone 
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and pregnenolone to progesterone in the brain prevent the LH surge (Micevych et al., 
2008). In addition to stimulating PR expression, estradiol increases neuroprogesterone 
secretion from hypothalamic astrocytes (Micevych and Sinchak, 2008). It has been 
proposed that estradiol simultaneously increases neuroprogesterone synthesis in 
astrocytes through binding of membrane bound estrogen receptors (mER) (Dewing et al., 
2007; Dewing et al., 2008) . In addition, estradiol increases neuronal progesterone 
receptor but it is not known whether it is mediated through classical genomic action of 
the estrogen receptor (ER) subtypes ERα and ERβ or mER (Micevych et al., 2003). It has 
been proposed that newly synthesized neuroprogesterone binds to PR and acts in 
conjunction with circadian and environmental signals to stimulate GnRH release 
(Micevych and Sinchak, 2008). 
Possible control of reproduction through RF-amides: 
 The related neuropeptides, Kp and GnIH, have stimulatory and inhibitory effects 
on GnRH respectively. These neuropeptides are classified under the family of RF-
amides, which have a similar C-terminal Arg-Phe-NH2 motif. It is proposed that Kp 
functions as the “gas pedal” and GnIH acts as a “brake pedal” for controlling 
reproductive function based on the following evidence (reviewed by (Kriegsfeld, 2006)). 
GnRH-containing cells receive projections from Kp and GnIH neuronal populations and 
also contain receptors for both neuropeptides (Bentley et al., 2008; Irwig et al., 2004; 
Kriegsfeld et al., 2006; Ubuka et al., 2012a).  Many experts agree that GnRH cells do not 
express estrogen receptor alpha (ERα) with some exceptions (Herbison et al., 1996; 
Huang and Harlan, 1993), however activation of this receptor subtype in hypothalamus is 
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necessary and sufficient for the generation of the GnRH surge (Wintermantel et al., 
2006). Cells that contain Kp and GnIH are colocalized with ERα (Clarkson et al., 2008; 
Kriegsfeld et al., 2006; Molnar et al., 2011; Smith et al., 2006b), consistent with the idea 
that Kp and GnIH might mediate effects of ER on GnRH. There are two major 
populations of Kp cells in rodents. It has been posited that estradiol-influenced increases 
in Kp secretion in the anteroventral periventricular nucleus (AVPV) contribute to the 
positive feedback effects of estradiol (Smith et al., 2005; Smith et al., 2006b), whereas 
estradiol-induced decreases in Kp secretion within the arcuate nucleus (Arc) contribute to 
the negative feedback effects of estradiol (Castellano et al., 2010). Furthermore, 
estradiol-induced increases in GnIH secretion may mediate the effects of negative 
feedback of estradiol on GnRH secretion (Anderson et al., 2009). Thus, it is proposed that 
Kp, GnIH, or both mediate the feedback effects of gonadal steroids (reviewed by (Clarke, 
2011; Kriegsfeld, 2006). 
 Kp is an important stimulator of the reproductive axis. Animals that receive ICV 
Kp treatment show increases in GnRH, LH, and FSH release in many species (Castellano 
et al., 2006; Gottsch et al., 2004; Irwig et al., 2004; Matsui et al., 2004; Messager et al., 
2005; Shahab et al., 2005). ICV Kp treatment stimulates Fos expression in GnRH 
neurons (Irwig et al., 2004) and stimulates gonadotropin secretion in pituitary explants 
(Navarro et al., 2005). However, a direct effect of Kp on the pituitary is unlikely, since 
the neuropeptide is not secreted into the hypophyseal portal plexus (Clarke et al., 2008). 
Mammals that have mutations or genetic deletion of the gene for the Kp receptor, 
GPR54, become infertile due to significant reductions in the production of GnRH 
(Kauffman et al., 2007). These data illustrate a functional role of Kp action in stimulating 
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the reproductive axis, but to the best of my knowledge Kp has not been shown to control 
reproductive behavior. 
 GnIH, by contrast to Kp, inhibits the HPG system. GnIH, first characterized in the 
brains of Japanese quail (Coturnix japonica), is named for its ability to reduce 
gonadotropin secretion (Tsutsui et al., 2000). In mammals, several orthologs to the avian 
GnIH exist and are known as the RF-amide related proteins (RFRP). There are many 
similarities of function between the mammalian orthologs and the avian GnIH, therefore 
both peptides are referred to as GnIH by many investigators (Clarke, 2011; Klingerman et 
al., 2011b).  There are slight differences in the location and function of GnIH cellular 
populations among species. GnIH expression is localized in the paraventricular nucleus 
of the hypothalamus (PVH) of birds (Osugi et al., 2004; Ukena et al., 2003), the DMH of 
hamsters and mice (Kriegsfeld et al., 2006; Ubuka et al., 2012a), the DMH, PVH and 
ventromedial nucleus of the hypothalamus (VMH) of rats (Rizwan et al., 2009), the PVH 
and DMH of sheep (Smith et al., 2008b), the periventricular nucleus (IPe) of the 
hypothalamus of macaque , and the dorsomedial region of the hypothalamus in humans 
(Ubuka et al., 2009a). In addition, there might be differences in function of GnIH 
between mammals and non-mammals. In birds it is clear that GnIH acts directly at the 
level of the pituitary to inhibit gonadotropins, hence the name “gonadotropin-inhibiting 
hormones,” but there are also indirect effects on LH via inhibition of GnRH. In 
mammals, most of GnIH effects on LH have been shown to occur in brain, where they 
inhibit GnRH secretion (and the decrease in GnRH secretion in turn leads to a decrease in 
LH secretion). In mammals as well as birds, the final result is inhibition of LH secretion. 
There are, however, projections of GnIH cells to the median eminence, suggesting direct 
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effects on pituitary. Since its discovery, many other functions for GnIH have been 
elucidated in many different mammalian and avian species. 
 In Syrian and Siberian hamsters (Phodopus sungorus), GnIH cells project to 
GnRH populations (Kriegsfeld et al., 2006; Ubuka et al., 2012a). These projections are 
consistent with projections found in birds (Bentley et al., 2003; Ubuka et al., 2008), sheep 
(Smith et al., 2008a), monkeys (Ubuka et al., 2009a), and humans (Ubuka et al., 2009b). 
GnIH application reduces the firing rate of GnRH cells in cultured brain slices of mice 
(Ducret et al., 2009; Wu et al., 2009b) and ICV GnIH treatment reducs cellular activation 
of GnRH cells in the rat. In addition to its actions to GnRH cells, ICV GnIH treatment 
inhibits the release of LH in male and female rats (Johnson et al., 2007; Pineda et al., 
2010a; Pineda et al., 2010b), female Syrian hamsters (Kriegsfeld et al., 2006), female 
Siberian hamsters(Ubuka et al., 2012a), and explanted rat pituitary cells (Murakami et al., 
2008). GnIH-containing cells project to the median eminence in sheep, macaque and 
human (Clarke et al., 2008; Ubuka et al., 2009a; Ubuka et al., 2009b) which suggests a 
possible direct effect on gonadotropin release. These experiments demonstrate that GnIH 
might be able to act directly on gonadotropin secreting cells of the pituitary or indirectly 
through their action on GnRH containing cells to inhibit the hormonal reproductive axis. 
 GnIH cells are responsive to estradiol and may contribute to the coordination of 
ovulation. Expression of the GnIH gene is down-regulated when OVX  mice are treated 
with estradiol  (Molnár et al., 2011). There is a reduction in cellular activation of GnIH-
containing cells during the LH surge in the ad libitum-fed Syrian hamster, when estradiol 
levels are high (Gibson et al., 2008). Furthermore, in ad libitum-fed pigs and rats, GnIH 
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expression is lowest during the estrous period of the ovulatory cycle (Jørgensen et al., 
2014; Li et al., 2012). These data suggest that the interaction of estradiol and GnIH may 
be important for the negative feedback actions of estradiol on the reproductive axis and 
the coordination of ovulation. 
GnIH and Kp in Metabolic Control of Reproduction 
 The HPG system is inhibited by metabolic challenges including food deprivation, 
low levels of adiposity, increases in the energy required for thermoregulation at cold 
ambient temperatures, and increases in the energy required for locomotion (reviewed by 
Schneider et al., 2014). Kp is a possible mediator of metabolic control of GnRH 
secretion. For example, food deprivation inhibits GnRH and LH secretion in domestic 
and laboratory animals (Cagampang et al., 1990; Foster and Olster, 1985; Morin, 1986), 
and the same energetic challenge significantly reduces hypothalamic Kiss1 mRNA, 
which is associated with decreases in plasma LH in male and female rats (Castellano et 
al., 2005) and male mice (Luque et al., 2007). Furthermore, ICV Kp treatment prevents 
fasting-induced reductions in LH levels (Castellano et al., 2005). Effects of Kp 
expression could be modulated by putative orexigenic and anorexigenic signals. 
Expressions of Kiss1 is reduced in mice that are deficient in leptin (an anorexigenic 
hormone) (Smith et al., 2006a) Treatment with ghrelin, an orexigenic hormone, has the 
opposite effects, decreasing Kiss1 expression in female rats (Forbes et al., 2009). 
Furthermore, the orexigenic neuropeptide, melanin-concentrating hormone (MCH) 
suppresses the ability of Kp treatment to stimulate GnRH neurons (Wu et al., 2009a). 
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These experiments indicate that the Kp system is sensitive to energy availability and 
energetic signals. 
 GnIH is sensitive to energetic condition. Food deprivation for a period of 48 hours 
increases GnIH cellular activation in drakes (Fraley et al., 2013) and Syrian hamsters 
(Klingerman et al., 2011b). Whereas food deprivation induces anestrous in lean hamsters, 
48 hours of food deprivation increase GnIH cellular activation but does not induce 
anestrous in fat hamsters. This demonstrates that GnIH activation can occur independent 
of inhibition of reproductive function. Furthermore, mild food restrictions increase GnIH 
activation in female Syrian hamsters (Klingerman et al., 2011b), increases GnIH 
expression in ewes (Li et al., 2014), and decreases the size of GnIH cell bodies in male 
songbirds (Davies et al., 2015). Inhibition of LH secretion due to food restriction is 
reduced in mice lacking GPR147 (León et al., 2014). This suggests that GnIH is involved 
in the inhibitory effects of metabolic challenge on the reproductive system.  
 My dissertation research examines the role of food restriction on the activation of 
Kp and GnIH cells and their effects on ingestive and sex behavior.   
RF-Amides and Behavior 
Whereas there is strong evidence that supports the idea that the Kp system is 
sensitive to energetic condition, further work is needed to support a role of Kp in the 
control of food intake and metabolism. For example, Kp knockout mice become glucose 
intolerant, obese, and experience decreases in metabolism (Tolson et al., 2014) and ICV 
Kp treatment reduced the increased food intake that normally occurs in response to 
overnight fasting by reducing meal frequency (Stengel et al., 2011). However, other 
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laboratories that demonstrate that Kp does not affect food intake in rats (Castellano et al., 
2005; Thompson et al., 2004). This could be a result of species-specific differences in the 
response to Kisspeptin or could be due to differences in experimental methods. In rats, 
food intake was measured manually, whereas in mice, food intake was measured using 
automated sensors. Further work is needed to determine the role of Kp in mediating 
ingestive and sexual behaviors. 
GnIH, however, has been dubbed by some as the “molecular switch for ingestive 
and reproductive behavior.” Whereas this might be an overstatement, there are strong 
effects of GnIH on the HPG system, and some small but statistically significant effects on 
food intake. GnIH acts as a negative control of reproduction and reduces luteinizing 
hormone (LH) release in birds (Bentley et al., 2006; Osugi et al., 2004; Tsutsui et al., 
2000) and mammals (Anderson et al., 2009; Clarke et al., 2008; Johnson et al., 2007; 
Murakami et al., 2008; Pineda et al., 2010a; Poling et al., 2014; Ubuka et al., 2012a),  
including female Syrian hamsters (Kriegsfeld et al., 2006). Acute ICV injections of GnIH 
inhibit sexual behaviors in white-crown sparrows, rats, and Japanese quail (Bentley et al., 
2006; Johnson et al., 2007; Ubuka et al., 2012b). Central GnIH treatment increases food 
intake in mammals and birds (Clarke et al., 2012; Fraley et al., 2013; Johnson et al., 
2007; Murakami et al., 2008; Tachibana et al., 2008; Tachibana et al., 2005). However, 
the ability of GnIH to affect ingestive motivation was not examined in these studies. In 
the Kriegsfeld laboratory, ad libitum-fed female Syrian hamsters treated with GnIH 
showed reduced vaginal scent marking and preference for an intact male over a castrated 
male (appetitive behaviors), with no effect on lordosis (Piekarski et al., 2013). GnIH cells 
project to areas that control appetitive ingestive and reproductive behavior, such as the 
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mPOA, BnST, ARC, PVN, VMH, and MeA (Kriegsfeld et al., 2006) and central 
treatment with GnIH increases Fos-ir in the BnST and the mPOA but decreases Fos-ir in 
the MeA in Syrian hamsters (Piekarski et al., 2013). This suggests a possible mechanism 
by which this neuropeptide inhibits sexual motivation in the Syrian hamster. 
Furthermore, chronic ICV infusion of GnIH increases the percent of NPY cells with Fos-
ir in female sheep and increases the expression of NPY in the ARC of male rats (Clarke 
et al., 2012). In the Syrian hamster, close to 40% of GnIH-ir cells receive contacts from 
NPY-ir fibers (Klingerman et al., 2011b).  This interaction suggests an additional 
mechanism by which appetitive behaviors can be controlled. 
 In collaboration with the Kriegsfeld laboratory, I examined the effects on 
appetitive sex and ingestive behavior (the motivation for eating food and having sex) in 
combination with the role of energetic challenges. I therefore examined the effects of 
GnIH on appetitive sex and ingestive behavior in mildly food-restricted compared to ad 
libitum-fed females. 
Controls of Ingestive and Reproductive Behaviors: 
By contrast to previous experiments, my experiments focused on appetitive 
aspects of sex and ingestive behavior in a semi-natural environment intended to mimic 
aspects of the natural environment of the species in question.  
Appetitive and consummatory behaviors:  
 Many investigators have focused on the effects of GnIH and Kp on the HPG system 
and the consummatory aspects of sex and ingestive behavior with little or no attention to 
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appetitive behaviors, which will be discussed further. In female Syrian hamsters, 
examples of appetitive ingestive behaviors include the approach to food or food hoarding, 
whereas consummatory behavior includes food intake. Appetitive sexual behaviors 
include the approach to potential mating partners and scent marking, whereas 
consummatory sex behavior includes copulation. This distinction is important because a 
decrease in food intake or copulation does not necessarily illustrate a decrease in appetite, 
but might demonstrate a change in ability. It is not always possible to dissociate 
motivation from performance. Animals that are diabetic might show both high speed of 
eating (appetitive) combined with high levels of food intake (consummatory). Males that 
are diabetic might show erectile dysfunction, low levels of copulation, and little interest 
in spending time with females. Similarly, it has been demonstrated that rats that are 
highly motivated to eat show a short latency to eat but also eat more food per unit time 
(Hill et al., 1984). Both appetitive and consummatory aspects of ingestive behavior 
increase simultaneously. Similarly, animals that show a short latency to copulate might 
also show a stronger erection (Ågmo, 1997). There are some examples, however, in 
which appetitive behaviors occur separated in time from consummatory behaviors. For 
example, the appetitive sex behavior of the Syrian hamster, vaginal scent marking, occurs 
earlier in the estrous cycle than the copulatory behavior, lordosis (Johnston, 1977; Lisk et 
al., 1983a). In addition, this species does not increase food intake in response to energetic 
challenge (Silverman and Zucker, 1976) but shows increases in food hoarding (Buckley 
and Schneider, 2003; Schneider et al., 2007a). These behaviors will be further examined 
in subsequent sections of this background. This uncoupling of appetitive and 
consummatory ingestive behavior grants us the ability to examine the underlying 
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neuronal mechanisms that appetitive vs. consummatory behaviors.  
Controls of Appetitive Sexual Behavior in the Syrian hamster 
 It is important to understand the dissociation of appetitive and consummatory 
sexual behaviors. Since my experiments use Syrian hamsters, I will detail the 
neurocircuitry of the appetitive sexual behavior, vaginal scent marking, of this animal 
model.  
 Vaginal scent marking, is a social behavior performed to solicit mates and is 
sensitive to the actions of ovarian hormones. This behavior is characterized by the 
dragging of the anogenital area to the ground but also the discharge of a vaginal 
secretion.  Male hamster are attracted to vaginal scent marks (Johnston, 1974; Johnston 
and Schmidt, 1979; Kwan and Johnston, 1980) and use these discharge trails to locate 
females for mating (Lisk et al., 1983a).   
 Vaginal scent marking is estradiol dependent and is greatest during diestrous II of 
the 4-day hamster estrous cycle. Day 4 is the day of estrous behavior and ovulation, and 
diestrous II is day 3 of the cycle, the time when estradiol levels rise, but progesterone 
levels are still low (Johnston, 1977). In ovariectomized (OVX) hamsters, vaginal scent 
marking is increased by treatment with estradiol alone, and is inhibited by treatment with 
estradiol plus progesterone (Ciaccio et al., 1979b; Steel, 1981). This is in contrast to 
lordosis, which requires not only estradiol treatment 48 hours before testing, but also 
progesterone treatment 4-6 hours before testing with a conspecific male (Barfield and 
Chen, 1977; Rubin and Barfield, 1983). In OVX female hamsters, administration of 
estradiol into the VMH elicits vaginal marking (Takahashi and Lisk, 1985b). Lesions of 
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the medial amygdala (ME), medial preoptic area (mPOA), medial anterior hypothalamus 
(AH), and the dorsal VMH disrupt vaginal scent marking (Malsbury et al., 1977; Petrulis 
and Johnston, 1999b), revealing possible neuronal areas important for controlling this 
behavior. Retrograde, trans-synaptic tracer administration in the vaginal smooth muscle 
reveal that the mPOA, medial anterior hypothalamus, VMH, ME, and the bed nucleus of 
the stria terminalis (BNST) may mediate the motor control of the vaginal discharge 
during scent marking (Been and Petrulis, 2008). These studies demonstrate possible areas 
that are involved in the control of this behavior, but also, the ability of ovarian hormones 
to regulate this appetitive behavior.  
 In addition to hormonal control, lesion and removal studies reveal a possible 
chemosensory regulation of vaginal scent marking. Removal of the olfactory bulbs (OB) 
reduces the number of vaginal scent marks in response to a male (Kairys et al., 1980). 
While the removal of the vomeronasal organ (VNO) does not impair this behavior, 
lesions of the VNO eliminates the differential marking to male specific odors (Johnston, 
1992; Petrulis et al., 1999). Further investigation of this system demonstrates that lesions 
of the ME impair vaginal scent marking but do not disturb the differential marking to 
male odors (Petrulis and Johnston, 1999a). By contrast, bilateral lesions of the BNST 
impair vaginal scent marking and eliminate differential marking to male specific odors 
(Martinez and Petrulis, 2011). A hypothalamic region that receives multiple inputs from 
the chemosensory system is the mPOA and action of the neuropeptide oxytocin (OT) in 
this area is important for the generation of vaginal scent marking. Because of its location 
and efferent projections, the mPOA could be an area of integration of both hormonal and 
chemosensory information for the regulation of this precopulatory behavior. These 
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studies demonstrate the importance of the ME-BNST- mPOA network for the generation 
and sensitivity of vaginal scent marking, and shows that its control is somewhat different 
than control of the consummatory behavior, lordosis.  
  In addition to the easily measurable appetitive behavior, the Syrian hamster has 
other advantages as a model for studying reproduction. While common laboratory 
rodents, such as the rat or the mouse, have an estrous cycle that can vary from 4-5 days, 
this animal model shows a consistent 4-day estrous cycle (Orsini, 1961). Thus, the Syrian 
hamster is an ideal candidate for studying the effects of ovarian hormones across the 
estrous cycle on ingestive and reproductive behavior.  
Controls of Consummatory Sex Behavior  
 The actions of the HPG system create fluctuations in estradiol and progesterone, 
which in turn influence appetitive and consummatory ingestive and sex behavior and will 
be discussed in more detail. These changes in behavior link mating to the time of highest 
fertility and link foraging, food hoarding, and eating to times of low fertility (reviewed by 
(Schneider et al., 2013). Ovarian hormones act in specific brain areas to control the 
consummatory sexual behavior, lordosis (Pfaff et al., 1994). In OVX rats, both estradiol 
and progesterone are needed within the VMH and the ventral tegmental area (VTA) to 
facilitate lordosis (Rubin and Barfield, 1983). In addition to the hamster, mice, rats, and 
other rodents display this behavior. Lesions of the VMH and treatment with antagonists 
to estradiol or progesterone restricted to the VMH eliminate lordosis in cycling female 
rats and those treated with lordosis-inducing regimens of estradiol and progesterone, 
demonstrating that binding of estradiol and progesterone to their receptors in the VMH is 
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necessary for lordosis. Furthermore, treatment with estradiol and progesterone in this area 
is sufficient to elicit the lordosis response in ovariectomized rats (Barfield and Chen, 
1977).  Estrogen treatment does not rescue lordosis behavior in animals that receive 
treatments of tetrodotoxin (TTX), which blocks the generation of action potentials, in the 
VMH (Harlan et al., 1983). Estradiol potentiates this reproductive behavior at least in part 
via classical genomic action (Kraus et al., 1994; Parsons et al., 1982; Rainbow et al., 
1982; Yahr and Ulibarri, 1986). ERα but not ERβ deletion in transgenic mice disrupt 
lordosis behavior (Ogawa et al., 1999; Ogawa et al., 1998). Membrane actions of 
estradiol, however,  potentiate the genomic actions of estradiol and facilitate the 
production of lordosis (Kow and Pfaff, 2004). This suggests the ability of estradiol to 
affect behavior through membrane binding to produce lordosis, but specifically through 
actions in the VMH.  Large treatments with estradiol or repetitive treatments with 
estradiol can induce lordosis independent of progesterone action, and this suggests that 
one of the downstream effects of prolonged estradiol is neuroprogesterone synthesis. It 
takes twice as long to induce lordosis with estradiol alone and the response is not nearly 
as strong (reviwed by (Sinchak and Wagner, 2012)). While estradiol partially restores 
lordosis in OVX rodents (Blaustein and Olster, 1989; Davidson et al., 1968), additional 
treatment with progesterone is necessary for restoration (Fadem et al., 1979; Glaser et al., 
1983; Pfaff et al., 1994). There is a considerable amount of evidence that supports the 
notion that lordosis is mediated through action of progesterone through estradiol induced 
PR expression in the VMH (Rubin and Barfield, 1983).  Pharmacological blockade of PR 
receptor action (Brown and Blaustein, 1984; Vathy et al., 1989) and PR antisense 
oligonucleotides (Mani et al., 1994; Ogawa et al., 1994) prevents estradiol and 
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progesterone induced lordosis. Progesterone receptor knockout mice (PRKO) are not 
responsive to progesterone treatments that effective in facilitating the lordosis reflex 
(Lydon et al., 1995). This suggests progesterone mediates sex behavior through genomic 
action actions in the VMH. In addition to facilitating lordosis, progesterone terminates 
lordosis and resets the circuitry to allow for activation again. This sharp cessation  and 
quick refractory period is not seen in OVX animals treated with estradiol alone (reviewed 
by (Micevych and Sinchak, 2013; Sinchak and Wagner, 2012) 
 A recent model has been proposed (reviewed by (Micevych and Sinchak, 2013; 
Sinchak and Wagner, 2012) that demonstrates the importance of ovarian hormone 
concentrations in coordinating receptive behavior with fertility. In the arcuate nucleus, 
estradiol binds to mERα conjugated with metabotropic glutamate receptor-1a (mGluR1a) 
on neuropeptide-Y (NPY) containing cells. NPY is secreted and binds to NPY-Y1 
receptors on a special population of proopiomelanocortin (POMC) containing cells that 
project to the mPOA. POMC containing neurons release β-endorphin and bind to and 
activate cells containing µ-opioid receptor (MOR), which transiently inhibits lordosis 
behavior. When estradiol concentrations are high mER expression is reduced in the ARC 
and this may act as a mechanism to release MOR inhibition of lordosis and prime the 
brain for progesterone action when estradiol concentrations are high. It postulated that the 
mERα-mGluR1a acts as an estrogen sensor and inhibits lordosis when estradiol levels are 
low but to release inhibition to coordinate sexual receptivity to periods of greatest 
fertility. This highlights the importance of ovarian steroids to coordinate receptive 
behaviors with periods of greatest fertility. 
26 
 
Aggression in the Female Syrian hamster 
 Syrian hamsters are extensively used to study aggression, social conflict, and 
communication. This is because hamsters often display aggressive behavior when they 
come into contact with another hamster, male or female. Specifically, female Syrian 
hamsters are very aggressive and are dominant over male Syrian hamsters (Marques and 
Valenstein, 1977; Payne and Swanson, 1970; Tiefer, 1970). One control of female 
aggression towards males is photoperiod. Hamsters are significantly more aggressive 
during short photoperiods, which simulate winter conditions, than during long, summer-
like photoperiods (reviewed by (Gutzler et al., 2010)). Short days initiate gonadal 
regression and prepubertal concentrations of gonadal steroids. In addition, ovarian steroid 
have been postulated to control female Syrian hamster aggression towards males. It 
appears that short photoperiod does not necessarily elevate female Syrian hamster 
aggression, but, rather, they lose their responsiveness to the inhibitory actions of estradiol 
and progesterone on aggression (reviewed by (Albers et al., 2002)). When estradiol and 
progesterone concentrations are low, during the postovulatory and early follicular periods 
of the estrous cycle, female Syrian hamsters show high levels of aggression and flank 
marking towards male hamsters. However, aggressive behavior is eliminated during the 
peri-ovulatory period of the estrous cycle, when estradiol and progesterone peak 
(reviewed by (Albers et al., 2002)). In OVX hamsters, subcutaneous injection of 
progesterone two days after estradiol treatment reduces aggressive behaviors, but 
progesterone alone has no effect (Floody and Pfaff, 1977; Meisel et al., 1990; Meisel and 
Sterner, 1990; Meisel et al., 1988). However, after estradiol and progesterone treatment, 
progesterone treatment the following day greatly increases aggression (Ciaccio et al., 
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1979a). This reinforces the idea that there is a biphasic effect of progesterone and that the 
progesterone surge that is induced by mating may induce aggressive behavior. In 
addition, this supports the idea that a role of ovarian hormones is to coordinate sexual 
motivation and conflicting behaviors to promote reproductive success. 
 The Schneider laboratory is interested in the role of aggression in competition for 
energy resources, such as the food hoard. Hamsters in the wild live alone in burrows 
where they store large amounts of food, and usually these burrows are located more than 
a 100 yards from the source of food. Competition for burrows is fierce, and other 
pressures such as predation by birds and snakes put a premium on the ability to obtain 
and defend a burrow for protection and for a safe place to store metabolic fuels for 
themselves and their offspring (Gattermann et al., 2008). Thus, it appears that both 
reproduction and aggression are closely linked to the controls of energy metabolism and 
food intake.  
Neuronal Controls of Energy Balance: 
 There are many neuropeptides and peripheral signals that are involved in inducing 
hunger and satiety. Virtually every chemical messenger that increases food intake inhibits 
reproductive processes, and most every chemical messenger that stimulates reproductive 
processes inhibits reproduction (reviewed by Schneider et al., 2014). While the list of 
controls that govern food intake is constantly expanding, I will only focus on pathways 
that are relevant for the questions addressed. 
 A commonly studied pathway for the control of ingestive behavior is located in the 
arcuate nucleus (ARC). Secretions of Neuropeptide-Y (NPY) from populations in the Arc 
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might increase hunger and consummatory ingestive behavior. Treatment with NPY 
increases food intake in many different laboratory models (Morley, 1987; Stanley et al., 
1986). Many NPY cells localized in the Arc, co-express agouti-related peptide (AgRP), 
and treatment with AgRP increases food intake (Tang-Christensen et al., 2004). Agonists 
for the melanocortin-3 receptor (MC3R) and melanocortin-4 receptor (MC4R) pathways 
have the opposite effect. For example, treatment with α-melanocyte-stimulating hormone 
(α-MSH), which is a natural ligand of the MCRs, decreases food intake. α-MSH is a 
cleavage product of pro-opiomelanocortin (POMC) and POMC containing neurons 
receive projections from NPY/AgRP neurons. Thus, stimulation of NPY/AgRP 
populations in the Arc can simultaneously inhibit the satiety inducing activity of the 
POMC cells.  Neurons that contain NPY, AgRP and POMC have dense projections to the 
paraventricular nucleus of hypothalamus (PVH) and the perifornical area (PFA). The 
mechanisms by which these neuropeptides govern hunger and satiety are extensively 
reviewed by (Cone, 2005; Schwartz et al., 2000). 
 The adipose tissue hormone, leptin, is an anorexigenic signal that suppresses food 
intake possibly through actions in the ARC (but also through other brain areas, most 
notably the brain stem). Production of the protein hormone, leptin, occurs in the white 
adipose tissue. Circulating levels of this hormone are proportional to the amount of 
adipose tissue and increase in conditions of positive energy balance (Considine et al., 
1996; Friedman, 2009; Halaas et al., 1997). A great reduction of circulating levels of 
leptin occurs in laboratory models and humans during conditions of short-term fasting 
(Ahima et al., 1996; Chan et al., 2003; Kolaczynski et al., 1996). This suggests that leptin 
serves as a peripheral signal to stimulate hunger and food intake during metabolic 
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challenge and not as a “satiety” signal to decrease food intake due to increases in body fat 
content. Central injections of leptin are effective in reducing food intake and body weight 
(Campfield et al., 1995) through action of its long-form receptor (LepR) (Mercer et al., 
1996). Localization of LepR is found in many tissues, but for the purpose of this 
dissertation, I focused only on areas in the hypothalamus relevant to energy balance and 
reproduction. Activation of LepR by binding of its ligand, promotes janus kinase (JAK) 
dependent signaling and signal transducer and activator of transcription 3(STAT-3) 
transcription proteins (Vaisse et al., 1996). There are both orexigenic and anorexigenic 
neuronal populations in the hypothalamus that are sensitive to leptin. NPY/AgRP 
neuronal activity is directly reduced and POMC neuronal activity is directly and 
indirectly stimulated (Sahu, 2003; Schwartz et al., 2000; Zigman and Elmquist, 2003).  
Through these actions, leptin is implicated as a potent anorexigenic signal. 
Controls of Hoarding Behavior: 
  Using Syrian hamsters as a model system, I can examine increases in appetitive 
ingestive behavior that are independent of consummatory ingestive behavior in response 
to energetic challenge. When Syrian hamsters are re-fed after a period of food deprivation 
or restriction, they do not show compensatory increases in food intake (Borer et al., 1979; 
Buckley and Schneider, 2003; Klingerman et al., 2010; Klingerman et al., 2011b; 
Rowland, 1982; Silverman and Zucker, 1976). Siberian hamsters display a similar 
response (Bartness and Clein, 1994).  Mice and rats, however, significantly increase food 
intake when they are re-fed after a period of food deprivation, confounding appetitive and 
consummatory aspects of ingestion. Increases in energy expenditure by exposure to cold 
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ambient temperature (5° C) increase food hoarding in Syrian and Siberian hamsters 
(Masuda and Oishi, 1988; Schneider et al., 2012), prior to increases in food intake. Like 
Syrian hamsters, and unlike rats and mice, human beings, after a period of fasting, human 
beings display an absence in post fasting hyperphagia and show hoarding behavior, i.e. 
grocery shopping (Al-Hourani and Atoum, 2007; Beneke and Davis, 1985; Dodd et al., 
1977; Hetherington et al., 2000; Levitsky and DeRosimo, 2010; Mela, 1996; Tom, 1983), 
which is reviewed by (Bartness et al., 2011). Thus, using hamsters, it is possible to study 
hunger without the confounds of post ingestive effects of food, and the result might be 
more relevant to our own species. 
 Peripheral signals but not metabolic fuels influence hoarding behavior. Treatments 
that reduce metabolic fuel utilization do not affect appetitive ingestive behavior in 
Siberian hamsters. Treatment with long lasting insulin, which shunts circulating 
metabolic fuels into storage, injections of 2-deoxy-D-glucose (2DG), a competitive 
inhibitor of glycolysis, and methyl palmoxirate (MP), an inhibitor of free fatty acid 
oxidation are have no significant effect on food hoarding behavior. As previously stated, 
fasting increases circulating concentrations of ghrelin and decreases concentrations of 
leptin in many species (Bagnasco et al., 2002; Schwartz et al., 2000). Intraperitoneal (IP) 
or ICV injections of leptin in Siberian hamsters and IP injections of leptin in Syrian 
hamsters block food deprivation-induced increases in hoarding behavior (Buckley and 
Schneider, 2003; Keen-Rhinehart and Bartness, 2008). Peripheral administration of 
ghrelin in ad libitum-fed Siberian hamsters increases food hoarding to levels similar to 
those seen in subjects exposed to food deprivation (Keen-Rhinehart & Bartness, 2005). In 
addition, peripheral injections of ghrelin increases hoarding within 1 hour of injection in 
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Syrian hamsters (Brozek, unpublished observation). While manipulation of metabolic 
fuel availability increases food intake in rats (Friedman and Geary, 1992; Ritter, 1986) , 
these manipulations do not affect hoarding behavior in Siberian hamsters (Bartness and 
Clein, 1994). This suggests the possibility that metabolic fuels control consummatory 
behavior, while hormones, such as leptin and ghrelin, control appetitive behavior.  
 Specific action of NPY is necessary and sufficient for increased hoarding behavior 
in the Siberian hamsters. Whereas NPY is implicated with changes in food intake, central 
injection of NPY induces hoarding behavior in Siberian hamsters (Day et al., 2005). In 
Siberian hamsters, central treatment with the agonist for the NPY Y1 increases food 
hoarding more than food intake (Day et al., 2005) and antagonist treatment for this 
receptor subtype prevent ghrelin induced hoarding behavior (Keen-Rhinehart and 
Bartness, 2007). While treatments of NPY into either the PVN or the perifornical area of 
the hypothalamus (PFA) induces significant increases of food intake in rats (Stanley et 
al., 1993; Stanley and Leibowitz, 1985), administration of the Y1 receptor antagonist, 
BIBO3304, prevents food deprivation-induced food hoarding in the Siberian hamster 
only in the PFA and not the PVN (Dailey and Bartness, 2009). This illustrates that the 
action of NPY in the PVN is important for mediating the consummatory aspects of 
ingestive behavior, whereas the PFA is important NPY-induced increases in hoarding 
behavior. 
 In addition to NPY, actions of AgRP and the melanocortin signaling system control 
hoarding behavior. Central injections of AgRP induces hoarding in Siberian hamsters 
(Day and Bartness, 2004). While AgRP acts as an antagonist to the melanocortin system, 
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central administration of MTII, an agonist for the MC3R and MC4R, reduces ghrelin and 
food deprivation-induced hoarding behavior (Keen-Rhinehart and Bartness, 2007). A 
possible interaction of AgRP and NPY in the control of hoarding behavior is observed 
when Siberian hamsters are treated with subthreshold doses of both neuropeptide 
(Teubner et al., 2012). Food intake increases within one hour of treatment but hoarding 
behavior does not increase until 4-14 hours after administration. This demonstrates that 
mechanisms that are in control of food intake are more rapid than the mechanisms that 
govern hoarding behavior. Cellular activation in the PVN and PFA increase when food 
intake increases. Cellular activation increases in the central nucleus of the amygdala 
(CeA) and the subzone incerta (SZI) when hoarding behavior increases. This implicates 
two additional areas that may mediate the effects of NPY and AgRP on hoarding. Also, 
NPY and AgRP together are sufficient in inducing ingestive behaviors at doses where 
they could not alone. This work suggests that the interaction of AgRP, NPY and the 
melanocortin signaling system is important for controlling hoarding behavior. 
Interaction of Energy Balance and Reproduction: 
Metabolic and Peripheral Controls of Reproduction: 
 Energy availability controls the reproductive system. The overarching hypothesis 
of the Schneider laboratory is that mechanisms that control energy balance evolved to 
optimize reproductive success in environments where energy availability fluctuates 
(Bronson, 1989; Schneider, 2004; Schneider et al., 2007a; Schneider et al., 2012; Wade 
and Schneider, 1992). Estrous cycles are inhibited when animals must increase energy 
expenditure without compensatory increases in energy intake. Food deprivation for a 48 
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hour period inhibits the estrous cycles of lean but not fattened Syrian hamsters (Schneider 
and Wade, 1989) and mice housed in cold ambient temperature show normal estrous 
cycles only when they are allowed to increase their food intake to match the energetic 
cost of thermoregulation (Manning and Bronson, 1990; Schneider et al., 2000b). This 
response can be seen in our own species. Menstrual cycles are lengthened or inhibited in 
dancers and athletes that do not overeat to compensate for increased energetic needs 
induced by vigorous training, and menstrual cycles resume in athletes that increase their 
food intake or reduce their training (Abraham et al., 1982; Dueck et al., 1996; Loucks et 
al., 1998). In the African !Kung people of the Kalahari Desert, birth rates fluctuate 
seasonally as a function of food availability (Van Der Walt et al., 1978).   
 Pharmacological and hormonal studies illustrate the importance of metabolic fuel 
availability on reproduction. The pancreatic hormone, insulin, removes glucose from the 
general circulation and shunts it into storage. Insulin treatment increases food intake, 
increases body weight, but does not inhibit estrous cycles in Syrian hamsters that are 
allowed to eat ad libitum. The same treatment, however, induces anestrous in hamsters 
that are not allowed to increase food intake (Wade et al., 1991). These experiments show 
that it is not the levels of insulin per se that inhibit estrous cycles, but it is the availability 
of oxidizable metabolic fuels. Treatment with 2DG induces anestrous in Syrian hamsters, 
and reduces LH secretion in both rats and ewes (Bucholtz et al., 1996; Friedman et al., 
1989; Nagatani et al., 1996; Schneider et al., 1993; Schneider and Wade, 1989, 1990a). 
Treatment with 2DG increases the availability of glucose in circulation, but because the 
glucose cannot be oxidized, 2DG treatment induces anestrous. Food deprivation induces 
anestrous in lean, but not fat Syrian hamsters, but food deprivation induces anestrous in 
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fat hamsters treated with MP (Schneider and Wade, 1989). Thus, anestrous is not 
dependent upon low levels of body fat, but rather, the availability of oxidizable fuels 
(either glucose or fatty acids) that can be derived from body fat. These experiments 
illustrate the importance of circulating metabolic fuels for the proper functioning of the 
HPG system. 
 Though the HPG system and sex behavior are influenced by peripheral hormones, 
these hormones might interact with fuel availability, i.e. the effects of hormones might 
differ depending on the fuel availability. In Syrian hamsters, food deprivation induces 
anestrous and this inhibitory effect of food deprivation is reversed by treatment with 
leptin. Leptin treatment, however, fails to reverse food deprivation-induced anestrous in 
hamsters treated with 2DG and MP (Schneider and Zhou, 1999), even though these doses 
of 2DG and MP failed to induce anestrous in hamsters fed ad libitum. These results 
suggest that the effects of leptin on the reproductive system cannot occur without the 
ability to increase fuel oxidation. In addition to the effects on estrous cyclicity, mice that 
are lacking functional leptin display low levels of LH and are infertile. Treatment with 
leptin restores fertility in these animals (Barash et al., 1996).  Also, leptin modulates the 
release of GnRH. This is thought to be mediated through indirect methods because GnRH 
containing neurons do not display LepR (Quennell et al., 2009). Central ghrelin 
administration reduces the secretion of LH, FSH, and GnRH in rats (Fernandez-
Fernandez et al., 2005; Furuta et al., 2001; Vulliemoz et al., 2005). Together, these 
experiments demonstrate that metabolic fuel availability and peripheral signals involved 
in energetic balance control the functioning of the reproductive axis.  
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 Together the above data show that the HPG system is sensitive to metabolic fuel 
availability, and hormones might interact with fuel availability to control the HPG 
system. It is unknown, however, whether appetitive sex behavior is controlled by the 
availability of metabolic fuels, or by hormone levels that fluctuate with fuel availability 
(Schneider et al., 2013). 
 In the next section, I will examine effects of hormones on energy balance. Most of 
the work has focused on consummatory behavior, i.e. food intake. Food intake is also 
controlled by metabolic fuel availability, but again, it is not known whether appetitive 
ingestive behavior is controlled by metabolic fuels or by hormone levels that fluctuate 
with fuel availability (Schneider et al., 2013). In fact, with regard to food hoarding, it 
appears more likely that hormones, rather than metabolic fuels, are the proximate 
regulators (Bartness and Clein, 1994; Lazzarini et al., 1988; Schneider et al., 1988). 
Reproductive Hormones Affect Energy Intake, Storage and Metabolism 
 Calling estradiol, progesterone, LH, and GnRH “reproductive hormones” paints 
and incomplete picture of these chemical messengers. They all play a critical role in 
energy intake, storage, and expenditure. GnRH, for example, has effects on food intake. 
Apart from its well-known ability to stimulate LH secretion, GnRH may coordinate 
ingestive and sexual motivation. Central ICV treatment with GnRH-II suppresses food 
intake in fish (Hoskins et al., 2008; Nishiguchi et al., 2012)  and female musk shrews 
(Kauffman et al., 2005; Kauffman and Rissman, 2004a, b). In addition to reducing 
ingestive behavior, GnRH-II increases reproductive behaviors in female musk shrews 
(Kauffman et al., 2005; Kauffman and Rissman, 2004a) and stored reproductive behavior 
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in food restricted female musk shrews (Temple et al., 2003).  A role of GnRH-II may be 
too coordinate reproduction with energetically favorable conditions to optimize 
reproductive success.    
 Ovulatory hormones influence ingestive behaviors and energy balance and this 
might provide clues to how food restriction influences behavior. Energy balance is a 
function of many factors: energy intake (food intake), energy storage (lipogenesis vs. 
lipolysis), and energy expenditure (oxidation of metabolic fuels). In many rodents, 
removal of ovarian steroids by OVX stimulates food intake, body weight gain, abdominal 
obesity, and increases lipolysis in rats, leading to adipose tissue accumulation, and these 
effects are reversed by estradiol treatment. In mice, deletion of ERα(in ERα knockout 
mice (ERKO mice)) induces metabolic syndrome, as characterized by increases in food 
intake, body weight, decreases in energy expenditure, insulin resistance, abdominal and 
visceral obesity, and diabetes. (Geary et al., 2001; Heine et al., 2000; Naaz et al., 2002). 
Xu et al. were able to remove ER from particular kinds of CNS cells to determine which 
types of cells use ER signaling to control which aspects of energy balance. For example, 
mice that lack ERα in steroidogenic factor 1 (SF-1) cells have low energy expenditure 
and increased abdominal obesity and infertility but do not have higher levels of food 
intake compared to mice with normal ERα signaling (Xu et al., 2011). These results 
suggest that ER in the SF-1 cells is of little importance in consummatory ingestive 
behavior and ovulation. To the best of my knowledge, it is not known whether ER in SF-
1 cells is important for appetitive ingestive or sex behavior. Intact rats do not show 
decreases in food intake until days after the initial rise in estradiol levels (Eckel, 2004) 
and OVX rats do not display reductions in food intake until at least 24 hours after 
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estradiol is administered (Asarian and Geary, 2002; Geary and Asarian, 1999). More 
recent experiments, however, show that treatment with estradiol that is excluded from 
entering the cells decreases food and water intake (Santollo et al., 2013). Thus in line 
with the results of Xu et al., estradiol might act via membrane ER to affect food intake. 
Selective deletion of ERα only in the CNS but also in the VMH suggests that central 
binding of estradiol but not in the periphery is important for its anorexigenic effect 
(Musatov et al., 2007; Xu et al., 2011). Together, all of these experiments emphasize 
effects of estradiol on energy metabolism, which might occur via nonclassical effects on 
cells in the brain, cells that control both intake and peripheral fuel metabolism.  
Differences between mice and rats vs. Syrian hamsters are important.  Treatment 
with progesterone reverses these actions of estradiol in rats (Asarian and Geary, 2002; 
Asarian and Geary, 2006; Gray and Wade, 1981; Wade and Gray, 1979). It is important 
to note that the effects of estradiol on body weight and adiposity do not depend on 
changes in food intake, highlighting the importance of estradiol on lipolysis and energy 
expenditure (Wade and Gray, 1979). In hamsters, however, estradiol’s weight-reducing 
effect is exaggerated in animals that are also treated with progesterone, and this might be 
important for interpretation of my experiments (Bhatia and Wade, 1989). However, 
progesterone treatment alone increases body weight and adiposity compared to vehicle 
controls (Bhatia and Wade, 1989).  
Orchestration of Sexual and Ingestive Behaviors 
 Mechanisms that inhibit ingestive behaviors may be important for facilitating 
mating and/or courtship behaviors. Likewise, during periods of energetic challenge, it 
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may be necessary to prevent reproductive behaviors and promote food acquisition. Using 
Syrian hamsters tested in specialized choice apparatus, the Schneider laboratory is able to 
examine the mechanisms that control the preference for ingestive or reproductive 
behavior. 
 The experiments of (Klingerman et al., 2010) illustrate that a primary role of 
ovarian hormones is to coordinate motivation of ingestive and sexual behavior and this is 
masked by abundant energy availability in the Syrian hamster. Animals given 75% of 
their daily ad libitum food intake for a period of 8 days do not show any differences in 
circulating levels of ovarian hormones when compared to animals that are well-fed. 
Whereas there are no differences in these hormone concentrations, differences in 
motivation are seen between these two groups across the estrous cycle. Food-restricted 
females show fluctuation in food hoarded and preference spending time with a male 
conspecific across the estrous cycle. These changes in preference coincided with 
fluctuations in estradiol across the cycle and cannot be attributed to differences between 
the food-restricted and ad libitum-fed groups. Changes in behavior could be a result of 
changes in the sensitivity to estradiol in the mechanisms that are responsible for 
controlling and coordinating these behaviors. In support of this, several types of energetic 
challenge to change the number of ERα-ir cells in areas of the brain important for 
regulating ingestive and sexual behavior (Early et al., 1998; Jones and Wade, 2002; Li et 
al., 1994; Panicker and Wade, 1998). It is important to note that there were no differences 
in the consummatory behaviors, food intake and lordosis duration. Thus, motivational 
aspects of both ingestive and sexual behavior are more sensitive to energetic challenge 
than the consummatory actions and the underlying neuroendocrine system that controls 
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the estrous cycle. Finally, it is important to note that the effects of the estrous cycle on 
these behaviors are masked when animals are fed ad libitum, but the effects are revealed 
when under conditions of mild energetic challenge. In chapter 2 of this dissertation I 
aimed to determine whether fluctuations in ingestive and sexual motivation over the 
estrous cycle are unmasked by metabolic fuel availability. I therefore examined the 
effects of increasing energy expenditure. Energy expenditure was increased by either 
housing hamsters at low ambient temperatures or by providing running wheels.  
 GnIH-containing cells of the Syrian hamster are sensitive to energetic condition 
and are associated with changes in behavior. Animals that are mildly food restricted (75% 
average food intake) for a period of 0, 4, 8, or 12 days show changes in vaginal scent 
marking and food hoarding after a period of 8 days of restriction. In addition, cellular 
activation of GnIH cells is sensitive to mild and severe energetic challenge and is 
positively correlated with hoarding behavior and negatively correlated with vaginal scent 
marking (Klingerman et al., 2011b). Since there were no changes in food intake or 
lordosis duration, the changes in cellular activation of GnIH-containing neurons are more 
closely associated with ingestive and sexual motivation then that of the consummatory 
behaviors. These data suggests a role of GnIH in mediating appetitive ingestive and 
sexual behaviors. 
 Consistent with this idea, GnIH inhibits appetitive but not consummatory sexual 
behavior in the Syrian hamster. Continuous infusion of GnIH disrupts appetitive sex 
behaviors but not the consummatory actions. GnIH reduces vaginal scent marking 
behavior and removes the preference for a intact male over a castrated male conspecific 
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in both intact and OVX female Syrian hamsters that are given estradiol capsules 
(Piekarski et al., 2013). This shows the ability of GnIH to modulate behavior independent 
of changes in circulating estradiol induced by GnIH treatment. This treatment of GnIH, 
however, is unable to inhibit lordosis or HPG function.  
 The experiments in Chapter 3 were designed to determine whether interactions 
between energy availability and ovarian hormones are closely linked to circulating levels 
of hormones and neuropeptides thought to control ingestive and sexual behavior. 
Specifically, we looked for correlations among estradiol, progesterone, leptin, GnIH, and 
KP, in well-fed and food-restricted animals.  
Chapter 4 primarily focuses on determining whether GnIH is necessary and/or 
sufficient for food restriction-induced changes in ingestive and sexual behaviors across 
the estrous cycle. If so, GnIH was expected to inhibit appetitive reproductive behaviors 
and promote appetitive ingestive behaviors under conditions of mild energetic challenge 
and low estradiol. These effects of GnIH on behavior were expected to be reversed when 
circulating levels of estradiol and progesterone were high. Furthermore, knockdown of 
GnIH expression or antagonizing GnIH action should prevent food restriction-induced 
fluctuations in ingestive and sexual motivation across the estrous cycle.   
In the wild, food availability is not as predictable and readily available as it is in 
the laboratory setting. In many cases, much of an animal’s time must be spent obtaining 
and ingesting food in preparation for periods of time when food is not available. Taking 
time to engage in reproductive efforts is risky and interferes with the procurement of 
food. Thus, mechanisms may exist to stimulate hoarding in advance of courtship or 
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mating. As previously explained, the role of “satiety” hormones, such as estradiol, Kp 
and leptin, and “orexigenic” hormones, such as GnIH and ghrelin, may be important for 
setting behavioral priorities. This dissertation is unique in that it focuses on possible 
mechanisms by which ovarian steroids and neuropeptide systems interacts to coordinate 
ingestive and reproductive behaviors to optimize survival and reproductive success. 
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Hypotheses 
 The experiments in this dissertation are generated using an evolutionary 
perspective, which includes the idea that ovarian steroid-neuropeptide interactions 
optimize reproductive success by coupling reproductive motivation to periods of greatest 
fertility in environments where energy is at a premium. This leads to the idea that 
energetic conditions interact with hormones to produce a level of behavior. 
Using this perspective, I articulated four hypotheses. 
1) Appetitive ingestive and sex behavior fluctuate according to changes in ovarian 
steroids over the estrous cycle, and these fluctuations are amplified by energetic 
challenges. I hypothesized that steroid-induced behaviors are sensitive to energy 
availability in general, rather than to food availability in particular.  
  If so, I predicted that amplified fluctuations in behavior would be 
recapitulated in ad libitum-fed hamsters housed either at cold ambient 
temperatures or with running wheels. 
2)  The effects of mild food restriction on behavior are caused by food restriction-
induced changes in neural responsiveness to low levels of ovarian steroids during the 
early follicular phase of the estrous cycle. These changes in neural responsiveness occur 
in the cells that synthesize and secrete GnIH and Kp. 
 If so, I predicted that food restriction-induced changes in cellular activation 
of GnIH and/or Kp cells would recapitulate changes in appetitive ingestive 
behavior over the estrous cycle. 
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3)  Estradiol and/or progesterone inhibit activation of GnIH cells and behavior by 
binding directly to GnIH-containing cells in the DMH to inhibit GnIH cell activation. 
 If so, treatment with some combination of ovarian steroids alone or together 
would inhibit GnIH cellular activation. 
 If so, it would be predicted that progesterone receptors would be found on 
GnIH cells  
4) GnIH binding to its receptor is sufficient and/or necessary for food restriction-
induced fluctuations in food hoarding and sexual motivation across the estrous cycle. 
 If GnIH binding to its receptor is sufficient, ad libitum-fed females treated 
with GnIH would be predicted to increase food hoarding and/or decrease 
appetitive sex behaviors. 
  If GnIH binding to its receptor is necessary, food-restricted females treated 
with GnIH antagonists or viral interference with GnIH transcription would be 
predicted to decrease food hoarding and/or increase sexual motivation.  
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Chapter 2 
 
General Methods 
 
          The following methods apply to more than one of the experiments in my 
dissertation. 
Animals and housing  
 Experiments were conducted according to the guiding principles for research 
published by the National Institutes of Health, the Lehigh University Institutional Animal 
Care and Use Committee, and enforced by the United States Department of Agriculture. 
Female Syrian hamsters between 109.3 and 180.4 g in body weight (approximately 90–
210 days of age) were obtained from a colony bred at the Lehigh University animal 
facility (original generations of animals were obtained from Charles River Breeding 
Laboratories; Wilmington, MA) or purchased as adults from Charles River Breeding 
Laboratories. Animals were singly housed in opaque, Nalgene cages (31 × 19 × 18 cm) in 
a room maintained at 22 ± 1 °C with a 14:10 light–dark cycle (lights on at 2100 h). 
Hamster estrous cycles  
 The Syrian hamster estrous cycle is four days long and ends with estrous behavior 
and ovulation the afternoon/evening of the fourth day. The day of estrous and ovulation is 
termed the “periovulatory day” in hamsters (which corresponds to “proestrous” in rats). 
In our experiments, estrous cycle day 1 is termed the “postovulatory day.” Day 2 is 
termed “follicular day 1.” Day 3 is termed “follicular day 2.” In Syrian hamsters, 
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appetitive sex behaviors, such as vaginal scent marking, peak on follicular day 2, whereas 
lordosis occurs only on the periovulatory day (Takahashi and Lisk, 1983).  
 All hamsters showed at least two consecutive 4-day estrous cycles as determined 
by a positive test for sex behavior (the lordosis posture) with a sexually-experienced male 
hamster. The test for lordosis occurred within 1 h of the onset of the dark phase of the 
photoperiod each day.  
Baseline body weight and food intake 
 For six days before the start of each experiment, daily body weight and food 
intake were measured to obtain an average body weight and daily food intake.  Animals 
were fed an ad libitum diet (18-20 grams of laboratory chow) diet to measure daily ad 
libitum intake. The average daily food intake was used to calculate an animal’s individual 
food restriction diet, which consisted of 75% of their daily intake. To limit the period of 
time subjects were without food, hamsters that received a restricted diet received half of 
their daily ration at two time points during the day. These rations were given at random 
intervals at least 8 hours apart so as not to entrain food anticipatory behavior (Rusak et 
al., 1988). At the beginning of each experiment, animals were divided into groups that 
did not differ significantly in body weight. 
The Preference Apparatus and Behavioral Testing 
 A preference apparatus was designed to mimic important aspects of the hamsters' 
natural habitat and was used to test both appetitive and consummatory aspects of sex and 
ingestive behavior. Syrian hamsters are solitary, live in deep burrows, are active above 
ground for short time periods, and travel long distances to their food source, filling their 
large cheek pouches with food, and transporting the food back to their burrows 
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(Gattermann et al., 2008). At least one feral female has been observed in the wild mating 
near the entrance to her burrow (Gattermann et al., 2008). Thus, the preference apparatus 
consisted of a home cage, with tunnels leading in one direction to a food source box, and 
in the other direction to a box that contained an adult male hamster (Schneider et al., 
2007a). Subject females lived in the home cage when they were not being trained or 
tested. 
 Preference tests occurred during the 90 min period that began at the onset of the 
dark phase of the photoperiod. The timing of the preference test was dictated by a 
combination of the observations made of Syrian hamsters living in the wild and in our 
laboratory. In their natural habitat, females spend about 90 min per day outside the 
burrow at dawn and dusk, and their time outside the burrow is thought to be limited due 
to predators or climate (Gattermann et al., 2008). In the laboratory, they are known to be 
nocturnal. We observe that when males are present, appetitive sex behaviors peak within 
the first 15 min and food hoarding peaks within 90 min of the onset of the dark phase of 
the photoperiod (Klingerman et al., 2010)).  
 The home cage was made from opaque, Nalgene cages (31 ×19 × 18 cm) lined 
with fine ground wood shavings, equipped with a water bottle, standard laboratory chow 
(Harlan Rodent Chow #2016), and a door at one end. When opened, the door lead to a 
134 cm-long tube that led from the home cage to two horizontal tubes 40–50 cm in 
length, connected in a T configuration.  
 One horizontal tube was connected to the food box, a disk-shaped, clear plastic 
chamber that contained a weighed amount of hoardable pellets but no water. Hoardable 
pellets were made from standard laboratory chow pellets cut into 2 cm pieces, a size that 
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readily fits into Syrian hamster cheek pouches and allows the females to travel through 
the tubes with their cheek pouches full.  
 The second horizontal tube was connected to the male box, made of clear 
Plexiglass (27 × 20 × 15 cm), which contained an adult, sexually experienced male 
Syrian hamster, no food or water, plus 50 mL of male bedding. This male bedding was 
collected prior to the start of the experiment from 6 or more different soiled home cages, 
mixed, and kept frozen. Just prior to the start of each preference test, 50 mL of this 
bedding mixture was sprinkled in the male box to standardize the pheromonal 
contributions of the male stimulus across all female subjects. Within the male box, the 
male hamster was restrained within a smaller wire box that permitted olfactory, gustatory, 
auditory, visual, and limited tactile interaction. The male stimulus hamster could neither 
leave the male box, nor could he fight or mate with the female. 
           Acclimation, baseline, and training  
 Twenty-seven estrous cycling female hamsters, between 113.8 and 180.4 g in 
body weight, were acclimated and trained in the preference apparatus at 22 ± 1 °C. 
Female subjects were acclimated and trained in their own individual home cages attached 
to their own food or male boxes. First, female subjects were placed in the home cage with 
fine wood chip bedding, food, and water for at least 4 days (some were acclimated for up 
to 8 days) with the door closed and no access to the male or to the food boxes. This 
allowed them to establish their home territory, a process that involves choosing a corner 
for urination and a separate corner for sleeping and hoarding food. This acclimation 
reduces any tendency to carry bedding or food away from the home cage to the male or 
food boxes. Baseline measures of daily food intake and body weight were recorded.  
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 Once acclimated to the home cages, hamsters received daily training sessions for 
four days in the preference apparatus. Training ensured that, at the start of behavioral 
testing, they would know which direction to search for food and which direction to search 
for the male. In my first experiment, training occurred prior to cold exposure to minimize 
experimenters' time in the cold. In other experiments, training occurred in the first four 
days of treatment (for example, hamsters had access to running wheels). Training 
sessions began within 1 h of the onset of the dark phase of the photoperiod and extended 
1 to 2 h into the dark period. Training with the food box occurred on the postovulatory 
day and on follicular day 1 of the 4-day cycle. Females were allowed to discover the food 
boxes and to keep all of the food that they hoarded into their home cages. Training with 
the male box was on follicular day 2 and the periovulatory day. The females were 
allowed access to the male box for 2–5 min, where they were allowed to interact with an 
unrestrained adult, sexually-experienced male under close supervision by the 
experimenter. The female subject hamsters were allowed to receive anogenital sniffs, 
licks, and ectopic mounts but no intromissions or ejaculations from the male stimulus 
hamsters during training, but not during testing.  
 Preference for Sex vs. Ingestive Behavioral Testing  
 All tests began within 1 h of the onset of the dark phase of the photoperiod. To 
start the test, the door to the vertical tube was opened and the female subjects were 
allowed access to both the food and male boxes for a total of 90 min. The female had the 
option of eating or hoarding food, visiting the male, or remaining in the home cage or the 
tubes. Within the male box, the stimulus male hamster was restrained in a wire mesh 
cage, and was not allowed to mate or fight with the female. On all days except the 
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periovulatory day, the behaviors and locations were recorded by the experimenter every 5 
s for 15 min. The recorded behaviors included, vaginal marking, flank marking, food 
hoarding, and eating.  
 Females display a different set of behaviors on the periovulatory day. They do not 
show vaginal scent marking, and they do show pre-lordosis and lordosis, behaviors 
absent on the other three days. Thus, on the periovulatory day, the experimenter recorded 
lordosis, a stationary, dorsoflexion of the spine with the tail positioned vertically, which 
allows male intromission. The experimenter also recorded the occurrence of pre-lordosis, 
in which the female stands stationary with the spine either straight or slightly 
ventroflexed with the tail in the horizontal position. After the first 10 min of the lordosis 
test, a separate 5-min test occurred in which the female was allowed to remain with the 
male while the experimenter physically stimulated the female's flanks, eliciting the 
lordosis reflex. The experimenter recorded the behavior of the female every 5 s for 5 min.  
 At the end of 15 min, the experimenter stopped recording, and the females 
continued to have access to both the food box and the male box for an additional 75 min. 
At the end of the final 75 min (90 min total), the female was placed in the home cage 
with no access to the food and male boxes. The weight of the food in the apparatus (the 
home cage and the food box) was measured and recorded. This gave a measure of 90-min 
food hoarding and food intake in the context of an available mating partner.  
 Four trained observers recorded behaviors. After the last test, the females were 
euthanized on the next day. Female body weight and weight of the uterus and individual 
white adipose tissue (WAT) pads were measured to the nearest 0.001 g. WAT pads 
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included the visceral (omental plus mesenteric), parametrial (gonadal) and subcutaneous 
(femoral) pads.  
Blood Collection and Perfusion  
 At the end of the treatment period, animals were deeply anesthetized with an 
overdose of sodium pentobarbital (200 mg/kg of body weight) at the onset of the dark 
cycle. This time was used to mimic the conditions and time frame used in previous 
experiments in which these energetic manipulations influence appetitive sex and 
ingestive behavior (Klingerman et al., 2010; Klingerman et al., 2011b). Three mL of 
blood were collected by cardiac puncture and serum was extracted. 
 After blood collection, animals were perfused by intracardiac infusion of 4% 
paraformaldehyde. At room temperature, 150 mL of 0.9% saline was used to flush the 
circulatory system through an intracardiac infusion. Using the same infusion site, 250 mL 
of 4% paraformaldehyde in phosphate buffered saline (PBS) was used to fix the tissue. 
Brains were carefully removed and postfixed in 4% paraformaldehyde for 3 hours at 4⁰C 
and cryoprotected in 30% sucrose for 3 days. Tissue was snap-frozen and stored at -80⁰C 
until sectioned. Tissue was sectioned at 40 µm using a freezing microtome and was 
stored in a polyvinyl pyrrolidone (PVP) solution at -20⁰C. 
Estradiol and Progesterone Radioimmunoassay 
 Serum was analyzed for estradiol and progesterone by radioimmunoassay (RIA) 
(TKE21 and TKPG2, Simens Medical Solutions Diagnostics, Lost Angeles, CA, USA). 
Samples were run in duplicate for both estradiol and progesterone assays. The reportable 
range for the estradiol assay was 12.3-1700.0 pg/mL. Plasma was diluted to a 1:10 
concentration in 0.1M PBS with 1% BSA to allow values to lie within the reportable 
51 
 
range of 0.07-22.0 ng/mL for the progesterone assay. The assays for estradiol and 
progesterone were conducted by the University of Virginia for Research in Reproduction 
Ligand Assay and Analysis Core (Charlottesville, VA, USA). 
Leptin and Insulin Radioimmunoassay 
 Serum was analyzed for leptin using the Mouse Leptin enzyme-linked 
immunosorbent assay (ELISA) kit (Millipore, St. Charles, MO, USA). Plasma samples 
were run in duplicate. The reportable range for the leptin assay was 0.2-30 ng/mL. The 
assay for leptin was conducted by EMD Millipore (Millipore, St. Charles, MO, USA). 
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Introduction for Chapter 2 
 In addition to the well-known effect of ovarian steroids on sexual behavior 
(Reviewed by (Blaustein, 2002; Meyerson and Lindström, 1973; Schneider et al., 2013; 
Wallen, 2000; Wallen and Tannenbaum, 1997)), estradiol and progesterone control 
metabolism, food intake and weight gain. Fluctuations in food intake have been observed 
across the estrous cycle of rodents (Eckel, 2004; Olofsson et al., 2009), with food intake 
reaching its nadir surrounding the period of peak estradiol concentrations. In rats, 
removal of the ovaries stimulates food intake, body weight gain, abdominal obesity, and 
increases lipogenesis. Estradiol treatment reverses these affects and returns cyclic food 
intake patterns (Asarian and Geary, 2002; Asarian and Geary, 2006; Gray and Wade, 
1981; Rivera and Eckel, 2010; Wade and Gray, 1979). However, cyclic fluctuations in 
food intake are subtle in ad libitum-fed Syrian hamsters (Klingerman et al., 2010) and 
there is conflicting evidence demonstrating significant menstrual fluctuations in women 
from western, industrialized nations with abundant, easily-obtained food.  
 In order to get a better perspective on how ovarian steroids control ingestive and 
sexual behavior it is important to understand the environment and context in which these 
mechanisms evolved. In nature, in the habitats in which most species evolved, energy 
availability can be unpredictable or scarce. Thus to ensure survival, it is important to 
ingest and procure food for current and future energetic needs, such as energy needed for 
thermogenesis (reviewed Bronson 1989 and Schneider 2013). In these types of 
environments, time spent searching for mates, courting females, and mating, may put 
animals at risk of starvation. Severe energetic challenges, such as complete food 
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deprivation, inhibits the functioning of the HPG axis and reproductive function to ensure 
survival until energy becomes available (reviewed in (Schneider, 2004; Wade and 
Schneider, 1992)). While it is important to ensure survival, evolutionary adaption 
requires reproductive success. When ovarian steroids are highest, during the period of 
greatest fertility, the promotion of reproductive behavior by estradiol and progesterone 
must overcome signals that stimulate foraging and ingestive behaviors. This suggests that 
in environments where energetic challenge and demand is not severe enough to inhibit 
reproductive function, increases in ovarian steroids overcome the risk of starvation and 
promote reproductive behavior. 
 Studying ovarian steroids control of behavior in this context has lead us to several 
testable hypotheses. It is possible that energetic challenge affects sexual motivation 
before energetic deficits are severe enough to inhibit the HPG system, but it is unclear 
how reproductive and energetic signals coordinate both the motivation and performance 
of ingestive and sexual behavior. The work of our lab includes not only consummatory 
behavior (food intake and copulation), but also appetitive behavior. This distinction 
between appetitive and consummatory behaviors is important because these types of 
behaviors can easily  be dissociated from each other and are often separated by time, such 
that appetitive ingestive or sexual behaviors precede the actions of mating or eating 
(Buckley and Schneider, 2003; Johnston, 1977; Lisk et al., 1983b; Schneider et al., 
2007a). Ingestive motivation can be measured by the amount of food hoarded (Smith and 
Ross, 1950; Vander Wall, 1990). In females, sexual motivation is measured by the 
preference for spending time with a male conspecific or by vaginal scent marking, a 
proceptive behavior (reviewed by (Klingerman et al., 2010; Klingerman et al., 2011b; 
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Schneider et al., 2007b). Syrian hamsters show regular fluctuations in these appetitive 
behaviors across their consistent four day estrous cycle (Estep et al., 1978; Lisk et al., 
1983b). In order to examine the ability of ovarian steroids to modulate the choice 
between food and sex, we have utilized a specialized apparatus designed to mimic aspects 
of Syrian hamsters’ natural habitat (Schneider et al., 2007a) that allows us to examine the 
preference engage for food or males. The apparatus is described in the General Methods  
 The experiments of (Klingerman et al., 2010) illustrate that a primary role of 
ovarian hormones is to coordinate ingestive and sexual behavior and this is masked by 
abundant energy availability in the Syrian hamster. Females given 75% of their daily ad 
libitum food intake for a period of 8 days do not show any differences in circulating 
levels of ovarian hormones when compared to those that are well fed. While there are no 
differences in these hormone concentrations, food restriction unmasks fluctuations in 
ingestive and sexual motivation across the estrous cycle. Food restriction increases 
hoarding and decreases the preference for spending time with a male conspecific over 
food on non-fertile days of the estrous cycle. However, during the period of greatest 
fertility, hoarding is reduced and females prefer to spend time with males. These changes 
in preference coincided with fluctuations in estradiol across the cycle and cannot be 
attributed to differences between the food-restricted and ad libitum-fed groups. It is 
important to note that there were no differences in the consummatory behaviors, food 
intake and lordosis duration. Thus, motivational aspects of both ingestive and sexual 
behavior are more sensitive to energetic challenge than the consummatory actions and the 
underlying neuroendocrine system that controls the estrous cycle. Finally, it is important 
to note that the effects of the estrous cycle on these behaviors are masked when animals 
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are fed ad libitum and housed alone, but are revealed when under conditions of mild food 
restriction when both food and sexual interactions are provided as options. This work is 
consistent with the ability of ovarian hormones to prioritize ingestive and sexual 
motivations in environments where energy availability is unpredictable. Food restriction 
is not the only energetic challenge that animals face in the wild. Even when energy is 
abundanct, temperatures might drop, or animals might have to expend constant energy 
defending territories or running to escape predators and to search far and wide for food. 
Hypothesis: Appetitive ingestive and sex behavior fluctuate according to changes in 
ovarian steroids over the estrous cycle, and these fluctuations are amplified by energetic 
challenges. I hypothesized that steroid-induced behaviors are sensitive to energy 
availability in general, rather than to food availability in particular.  
Prediction: According to my hypothesis I predicted that amplified fluctuations in 
behavior would be recapitulated in ad libitum-fed hamsters housed either at cold ambient 
temperatures or with running wheels. 
Brief Summary of Methods: In experiment 2.1a, we measured ingestive and sexual 
motivation across the estrous cycle of female Syrian hamsters that were either housed in 
cold ambient (4⁰C) or room temperature (25⁰C). This treatment was selected because it is 
known to have the following effects: increase metabolism and energy expenditure, 
increase food intake and hoarding behavior, decrease body weight and adiposity, and 
inhibit reproduction (Jefimow et al., 2004; Masuda and Oishi, 1988; Ruf and Grafl, 2010; 
Schneider and Wade, 1990c; Zhao, 2011). In experiment 2.1b, a separate group of 
females received cold or warm housing treatments to determine whether housing 
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temperature had an effect on estradiol, progesterone, or leptin concentrations. In 
experiment 2.2a, we examined whether increased energetic demand from voluntary 
exercise amplified estrous cycle fluctuations in ingestive and sexual motivation. Female 
Syrian hamsters were either housed with or without a running wheel and were tested in 
the choice apparatus every day of the estrous cycle. This manipulation, in hamsters, 
increases locomotion activity, increases food intake, and decreases body weight and 
adiposity (Coutinho et al., 2006; Davis et al., 1987; Refinetti and Menaker, 1997; 
Richards, 1966). In experiment 2.2b, a separate cohort of females received either housing 
with or without wheels to determine if there were differences in estradiol, progesterone, 
or leptin concentrations. Our hypothesis predicted that these environmental manipulations 
would unmask estrous cycle fluctuations in ingestive and sexual motivation. We 
predicted that cold-housing and wheel-housing would amplify estrous cycle fluctuations 
in hoarding and male preference. 
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Methods for the Experiments of Chapter 2 
 
Experiment 2.1A: Effects of ambient temperature on behavior over the estrous cycle 
 This experiment was designed to determine whether estrous cycle fluctuations in 
appetitive behaviors are amplified when animals are housed at low ambient temperatures 
known to increase thermogenic capacity and energy expenditure. Thus, estrous cycling 
hamsters were acclimated and trained at normal laboratory temperatures, housed in either 
the warm or cold for one week, and then tested for behaviors during their final 4 days in 
their respective environments (Figure 2.1). The experiment was performed in 2 exact 
replicates approximately a year apart. Both replicates contained equal sample sizes of 
cold and warm-housed hamsters, except that the cold-housed group had 1 extra female in 
the second replicate.  
 The durations of cold exposure, ambient temperature, and feeding schedule were 
chosen to increase the energy required to maintain normal body temperature and to 
prevent the hamsters from becoming hypothermic. Syrian hamsters are known to become 
hypothermic when there is a confluence of factors: several weeks of cold exposure, short 
day lengths, and either food deprivation, or treatment with inhibitors of fuel oxidation 
(Hoffman, 1968; Schneider et al., 1993). Thus, to increase energy expenditure and 
preclude hibernation, hamsters were cold-housed at 5 °C, a temperature that has been 
documented to increase thermogenic capacity, increase overall daily energy expenditure, 
and decrease body weight and adiposity, even in ad libitum-fed hamsters (Jefimow et al., 
2004; Ruf and Grafl, 2010; Schneider and Wade, 1990b; Zhao, 2011). To prevent 
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hibernation of cold-housed subjects, females were fed ad libitum and the duration of cold 
housing was limited to 7 days. Behavioral testing occurred during the last four days of 
this period.  
Experiment 2.1B: Effects of ambient temperature on hormone concentrations over 
the estrous cycle  
 A separate cohort of female hamsters was used to examine the effects of cold 
housing on plasma estradiol, progesterone, and leptin concentrations. Baseline daily food 
intake was measured for four days by giving a weighed amount of food in the home cage 
and weighing the food remaining (minus pouched and spilled food) the next day.  
 The hamsters were divided into 2 treatment groups that did not differ significantly 
in body weight or food intake (n = 20 per group): Group 1, the control group, was housed 
at 22 °C, whereas Group 2, the experimental group, was housed at 5 °C. Treatments 
continued for 8 days. All hamsters were fed ad libitum, i.e., they had more than their 
daily food intake placed into the cage each day (9.54–10.29 g).Within each group of 20 
hamsters there were 5 individuals that represented each day of the four-day estrous cycle. 
Thus, 5 females were euthanized on the first, 5 on the second, 5 on the third, and 5 on the 
fourth day of the estrous cycle. The start of cold or warm-housing was timed so that all 
animals were euthanized on the 8th day of their respective housing. At the end of the 
treatment period, animals were anesthetized with an overdose of sodium pentobarbital 
(0.36 mL/100 g of body weight) at the onset of the dark phase of the light:dark cycle, the 
same time that behavior was tested in experiment 2.1A. Serum estradiol, progesterone, 
and leptin were analyzed as detailed in the general methods. 
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Experiment 2.2A: Effects of access to running wheels on behavior over the estrous 
cycle  
 This experiment was designed to determine whether estrous cycle fluctuations in 
appetitive behaviors are amplified when animals are provided with access to running 
wheels for voluntary locomotion. Two groups of hamsters were acclimated and housed at 
room temperature. One group was housed with access to running wheels (the 
experimental group) and one group without access to running wheels (the control group) 
for 10 days all females were trained, and then tested in the preference apparatus (Figure 
2.1).  
Acclimation, baseline, and training 
 Sixteen female hamsters 109.3–124.5 g in body weight were acclimated for 7 
days to cages of the same size, at the same ambient temperature, with the same light–dark 
cycle as in experiment 2.1A. During the acclimation period, baseline daily food intake 
was determined for each hamster, i.e., a 4-day average daily food intake for each hamster 
was calculated. They were trained for 4 days in the preference apparatus as in the general 
methods. In this experiment, training occurred during 90-min sessions on each of four 
nights of the treatment period.  
Treatment  
 The hamsters were divided into 2 groups that did not differ significantly in body 
weight. Females in the running-wheel group were individually housed in home cages 
equipped with a second door that led to an exercise wheel. The running wheels were 
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available 24 h each day for the 10-day treatment period, except during the 90-min period 
when training and testing occurred (the last 6 days of treatment). All females in the 
running-wheel group were observed to run every night beginning several minutes before 
the onset of the dark phase of the light– dark cycle. To document that all females in the 
experimental group chose to run each night, those in the running-wheel group were video 
recorded for 15 min each night. Videos were taken within an hour of the onset of the dark 
period, before the start of the preference test. The sedentary group was housed in the 
same sized cage as the wheel running group, but the cage had no extra door leading to a 
running wheel.  
 Preliminary observations showed that female hamsters immediately increase food 
intake to compensate for increases in energy expended on running. Thus, in the present 
experiment, to increase the likelihood that voluntary wheel running would pose an 
energetic challenge, hamsters in the running wheel group were not permitted to 
compensate for their wheel running by increasing their food intake. The wheel running 
group was fed a daily ration of food that did not differ significantly from that of the 
control females housed without access to wheels.  
Behavioral testing  
 Behavioral testing occurred in the preference apparatus as described in the general 
methods during the last 6 days that the wheel group had access to running wheels. Only 
the last four days of data were used in the analysis. Four trained observers recorded 
behaviors. Two observers worked with the wheel-housed females while 2 worked 
simultaneously with the females housed without access to running wheels.  
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 After the last test, the females were euthanized on the next day. Uterine weight, 
body weight, and weight of the individual WAT pads were measured as described in the 
general methods.  
Experiment 2.2B: Effects of access to running wheels on hormone concentrations 
over the estrous cycle  
 A separate cohort of female hamsters was used to examine the effects of running 
wheel access on plasma estradiol, progesterone, and leptin concentrations.  
 Baseline food intake was measured for 4 days. The hamsters were divided into 2 
treatment groups that did not differ significantly in body weight or food intake (n = 20 
per group): Group 1 was housed at 22 °C with access to running wheels, whereas Group 
2 was housed at 22 °C without running wheels. During the treatment period, food intake 
of the two groups did not differ significantly, as those without running wheels were fed 
ad libitum and those with running wheels were limited to that of the group housed 
without access to wheels.  
 This experiment was run simultaneously with experiment 2.1B, and the control 
group housed without running wheels at 22 °C and fed ad libitum is the same control 
group used for comparison in experiment 2.1A. Treatments continued for 8 days. Within 
each group of 20 hamsters there were 5 individuals that represented each day of the four-
day estrous cycle. The start of the treatment period was timed so that all animals were 
euthanized on the 8th day of their respective housing.  
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 At the end of the treatment period, animals were anesthetized with an overdose of 
sodium pentobarbital (0.36 mL/100 g of body weight) at the onset of the dark phase of 
the light:dark cycle, the same time that behavior was tested in experiment 2.2A. Three 
milliliters of blood were collected by cardiac puncture and plasma was extracted. Plasma 
was analyzed for estradiol, progesterone, and leptin by the assays described in experiment 
2.1B.  
Statistical analyses  
 Raw food hoarding scores were transformed to the natural log of the raw score + 
1, so that the data would meet the assumption of homoscedasticity. Raw scores are shown 
in all figures for ease of presentation. Male preference was calculated as ((time spent with 
males minus the time spent with food) divided by the total time). For the amount of food 
hoarded, the number of vaginal and flank marks, and male preference, results were 
analyzed using a two-way, repeated measures analysis of variance (ANOVA) with days 
of the estrous cycle as the repeated effect and treatment (cold vs. warm or wheel vs. no 
wheel) as the other effect. For the main effects, the effect sizes were calculated using Eta-
squared, η2. Post hoc comparisons were analyzed by Scheffe's F-test when main effects 
were significant. Differences were considered statistically significant if P was less than 
0.05. The effect sizes for pair-wise comparisons were analyzed using Cohen's d. One-way 
ANOVA was used to analyze plasma hormone concentrations and changes in body 
weight in experiments 2.1B and 2.2B, as blood samples for each day of the estrous cycle 
were obtained from separate groups of animals (blood was not sampled more than once 
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for any animal). Pearson's product moment scores (r2) are shown for the correlations 
between WAT pad weights and behaviors. 
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Results for Chapter 2 
 
Experiment 2.1A: Effects of ambient temperature on behavior over the estrous cycle  
Ingestive behaviors at cold and warm ambient temperatures  
 The amount of food hoarded in 90 min (ln(raw score + 1)) changed significantly 
over the estrous cycle, with the lowest level of food hoarded on the periovulatory day 
(Fig. 2, top). Levels of 90-min food hoarding were higher in cold-housed compared to 
warm-housed females, and the effect of the estrous cycle on food hoarding was greater in 
cold-housed females (Figure 2.2, top). In contrast, the warm housed females did not 
differ over the estrous cycle in levels of food hoarding (Figure 2.2, top). This is 
confirmed by the repeated measures ANOVA, which showed a significant effect of 
estrous cycle day (F (3, 75) = 28.73, P < 0.0001, η 2 = 0.18), a significant stimulatory 
effect of ambient temperature (F (1, 75) = 80.185, P < 0.0001, η 2 = 0.59) and a 
significant interaction between estrous cycle day and ambient temperature (F (3, 75) = 
11.84, P < 0.0001, η 2 = 0.07).  
 The average daily 90-min food hoarding on days 1–3 of the estrous cycle was 
calculated. The difference between periovulatory food hoarding (food hoarding on 
estrous cycle day 4) and average of food hoarding on days 1–3 was calculated for each 
female (mean ± S.E.M.: warm = 2.31 ± 1.144, cold = 85.28 ± 9.8). The mean of this peri-
to-postovulatory difference was significantly greater in cold-housed compared to warm-
housed females (P < 0.0001; d = 3.20). Food hoarding in cold-housed females was 
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significantly greater than that in warm-housed females on every day of the estrous cycle 
(Fig. 2, top, P < 0.001, 0.003, 0.005 and 0.042 for days 1–4 of the estrous cycle, 
respectively; d = 4.08, 3.139, 1.8, 1.74).  
 Raw food hoarding scores were significantly negatively correlated with 
parametrial WAT pad weight (r 2 = 0.374, 0.338, 0.431 and P < 0.01, 0.02, and 0.01 for 
the three nonestrous days of the cycle respectively) and subcutaneous WAT pad weight (r 
2 = 0.326, P b 0.02 on the postovulatory day), but not with the visceral WAT pad weight.  
 In contrast to 90-min food hoarding, 90-min food intake was not significantly 
affected by ambient temperature or the day of the estrous cycle (Figure 2.2, bottom). 
The repeated measures ANOVA showed no significant effects of ambient temperature or 
day of the estrous cycle on 90-min food intake. Food intake was not significantly 
correlated with WAT pad weight except on the follicular day 2 when the raw food 
hoarding score was positively correlated with the weight of the parametrial WAT pad (r 2 
= 0.293, P > 0.05), i.e., the greater the WAT pad weight the higher the food intake.  
 Twenty four-hour food intake did not differ significantly between cold and warm-
housed hamsters for the first 4 days of cold housing (mean ± S.E.M. of cold vs. warm: 
10.69 ± 1.22 vs. 10.17 ± 1.04), but during days 5 through 8, the cold-housed hamsters 
had significantly higher food intake compared to the warm-housed hamsters (mean ± 
S.E.M. of cold vs. warm: 15.00 ± 0.49 vs. 9.5 ± 0.28, P < 0.01; d = 5.2). 
Sex behaviors at cold and warm ambient temperature  
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 Male preference changed significantly over the estrous cycle, and was lower in 
cold-housed than warm-housed females (Figure 2.4, top). This is confirmed by the 
repeated measures ANOVA, which showed a significant effect of estrous cycle day (F (3, 
75) = 12.68, P < 0.0001; η2 = 0.27), a significant inhibitory effect of ambient temperature 
(F (1, 75) = 12.18, P < 0.002; η2 = 0.19), and no significant interaction.  
 Male preference was significantly positively correlated with the weight of the 
parametrial WAT pad (r 2 = 0.116, P < 0.02 for follicular day 2), the subcutaneous WAT 
pad (r 2 = 0.392, 0.486, P < 0.01, 0.01 for follicular days 1 and 2), but not with the 
visceral WAT pad.  
 Levels of vaginal scent marking showed a similar pattern to male preference 
(Figure 2.3, top). Repeated measures ANOVA showed a significant inhibitory effect of 
ambient temperature (F (1, 75) = 4.7, P < 0.04; η2 = 0.04) and a significant effect of day 
of the estrous cycle (F (3, 75) = 33.6, P < 0.0001; η2 = 0.54) but no significant 
interaction. Peak levels of vaginal marking occurred on follicular day 2, the day before 
estrous.  
 Vaginal scent marking was significantly positively correlated with the parametrial 
WAT pad weight (r 2 = 0.359, 0.359, 0.433, P < 0.01 for follicular days 1 and 2 and the 
postovulatory day, respectively), but not with the weight of the other WAT pads.  
 Levels of flank marking varied with ambient temperature and with estrous cycle 
day (Figure 2.3, bottom), and the repeated measures ANOVA showed a significant 
inhibitory effect of ambient temperature (F(1,75) = 4.58, P < 0.04=; η2 = 0.18) and a 
significant effect of estrous cycle day (F(3,75) = 7.56, P < 0.0002; η2 = 0.18) and a 
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significant interaction (F(3,75) = 2.81, P < 0.04; η2 = 0.065). The effects of the estrous 
cycle were most likely accounted for by the lack of flank marking on the day of estrous, 
since flank marking was similar on the other three days of the estrous cycle (Table 1).  
 The level of flank marking was positively correlated with the parametrial WAT 
pad weight (r 2 = 0.291, P < 0.03) on follicular day 2 but not on any other day of the 
estrous cycle and not with any other WAT pad weight.  
 In contrast to purely appetitive sex behaviors discussed above, consummatory sex 
behavior, lordosis duration and pre-lordosis duration were not significantly affected by 
ambient temperature (Figure 2.4, bottom). These consummatory behaviors were not 
significantly correlated with WAT pad weight.  
WAT pads and body weight at warm and cold temperatures  
 The two treatment groups did not differ significantly in body weight prior to 
treatment. Warm-housed females gained body weight, whereas cold-housed females lost 
body weight over the course of treatment. At the end of the experiment, cold-housed 
females had a significantly lower body weight (P < 0.006, d = 1.62), and showed a 
significantly greater body weight loss (P < 0.0001, d = 1.24) than warm-housed females. 
Cold-housed females also had significantly smaller parametrial WAT pad weights (P < 
0.001; d = 2.23) than cold-housed females, but the groups did not differ significantly in 
subcutaneous or visceral WAT pad weight. The groups did not differ in uterine weight, 
an index of circulating estradiol concentrations (Figure 2.5).  
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Experiment 2.1B: Effects of ambient temperature on plasma hormone 
concentrations  
 Plasma estradiol concentrations changed significantly over the estrous cycle, 
peaked on the day before estrous, and were not significantly affected by cold housing 
(Figure 2.6, top-left). This is confirmed by the two-way ANOVA, which showed a 
significant effect of estrous cycle day (F (1, 30) = 64.08, P < 0.0001; η2 = 0.86), no 
significant effect of ambient temperature, and no significant interaction. In both treatment 
groups, plasma estradiol concentrations were highest during the night before estrous, and 
this level was significantly higher than on all other days (P < 0.0001; d = 5.71 vs. day 1, d 
= 5.2 vs. day 2, d = 4.37 vs. day 4). All females in all groups showed this peak in 
estradiol concentrations except two cold-housed females that became anestrous during 
the last four days in the cold. All data from these two females were therefore excluded.  
 Plasma progesterone concentrations changed significantly over the estrous cycle, 
with a nadir at the time of peak plasma estradiol concentrations. Plasma progesterone 
concentrations peaked several hours after the time of ovulation, and were not 
significantly affected by cold housing (Figure 2.6, top-right). This is confirmed by the 
two-way ANOVA, which showed a significant effect of estrous cycle day (F (1, 30) = 
16.399, P < 0.0001; η2 = 0.61), but no significant effect of ambient temperature, and no 
significant interaction. In both temperature groups, plasma progesterone concentrations 
were lowest during the night before estrous, and this level was significantly lower than on 
all other days (P < 0.0001; d = 3.04 vs. day 1, d = 2.92 vs. day 2, d = 3.35 vs. day 4) and 
there were no significant differences among the other estrous cycle days.  
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 Plasma leptin concentrations did not fluctuate significantly over the estrous cycle, 
but were significantly decreased by ambient temperature (Figure 2.6, bottom-left). This 
was confirmed by the ANOVA, which showed no significant effect of estrous cycle day, 
a significant inhibitory effect of ambient temperature (F (1, 30) = 10.282, P < 0.005; η2 = 
0.22), and no significant interaction.  
 There were no significant differences among the groups in body weight prior to 
treatment. Cold-housed hamsters weighed less than warm-housed hamsters at the end of 
the experiment, and the ANOVA showed a significant inhibitory effect of temperature (F 
(1, 30) = 2.91, P > 0.05, η2 = 0.22). With regard to the change in body weight, the 
ANOVA showed no effect of estrous cycle day, a significant effect of ambient 
temperature (F (1, 30) = 28.4, P < 0.0001; η2 = 0.42), and no significant interaction 
(Figure 2.6, bottom-right). 
Experiment 2.2A: Effects of access to running wheels on behavior over the estrous 
cycle  
Ingestive behavior in females with and without access to wheels  
 Food hoarding (ln (raw score + 1)) was not significantly affected by the presence 
of running wheels, but was significantly affected by the day of the estrous cycle. 
Repeated measures ANOVA showed no significant effect of being housed with a wheel 
and a significant main effect of estrous cycle day on 90-min food hoarding (Figure 2.7, 
top) (F(3,42) = 2.75, P > 0.05; η2 = 0.13). The interaction was not significant.  
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 Levels of food hoarding were not significantly correlated with the weights of any 
of the WAT pads.  
 Ninety-minute food intake was significantly increased by the presence of running 
wheels, but was not significantly influenced by the day of the estrous cycle. Repeated 
measures ANOVA showed a significant stimulatory effect of access to wheels (F (1, 42) 
= 16.31, P b 0.001; η2 = 0.46) and no significant effect of estrous cycle day (Figure 2.7, 
bottom). Food intake during the testing period was significantly negatively correlated 
with the parametrial WAT pad weight on every day of the estrous cycle (r 2 = 0.237, 
0.615, 0.647, 0.449 P < 0.05, 0.003, 0.0002, and 0.004 respectively). Food intake was not 
significantly correlated with the weight of the other WAT pads.  
Sex behavior in females with or without access to wheels  
 Male preference showed significant changes over the estrous cycle, and was 
significantly lower in females with access to wheels compared to females without 
(Figure 2.8, top). Repeated measures ANOVA showed a significant effect of estrous 
cycle day (F (3, 42) = 11.31, P < 0.0001; η2 = 0.32) and a significant inhibitory effect of 
access to running wheels on male preference (Figure 2.8, top) (F (3, 42) = 26.86, P b 
0.0001; η2 = 0.24) and no significant interaction. Male preference was significantly 
positively correlated with the weight of the parametrial WAT pad (r 2 = 0.299, 0.52, P < 
0.03, 0.002 for the postovulatory day and follicular day 1 respectively), the weight of the 
subcutaneous WAT pad (r 2 = 0.392, 0.49, P < 0.01, 0.002 for the postovulatory day and 
follicular day 1 respectively), and the weight of the visceral WAT pad (r 2 = 0.384, 
0.384, P < 0.01, 0.01 for the postovulatory day and follicular day 1 respectively).  
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 The general pattern of vaginal scent marking was similar to that of male 
preference. Levels of vaginal scent marking varied significantly over the estrous cycle as 
confirmed by the repeated measure ANOVA (F(3,42) = 8.06, P < 0.0002; η2 = 0.35), but 
there was no significant effect of access to running wheels on vaginal scent marking 
(Figure 2.9, top). Levels of vaginal scent marking were significantly positively 
correlated with the weight of the subcutaneous WAT pad (r 2 = 0.265, P < 0.04 on 
follicular day 1) and the weight of the visceral WAT pad (r 2 = 0.368, P < 0.01 on 
follicular day 1), but not on any other day of the estrous cycle and not with the weight of 
the parametrial WAT pad.  
 Levels of flank marking varied significantly over the estrous cycle, and females 
without access to wheels showed higher levels of flank marking than those with access to 
wheels. There was a significant effect of day of the estrous cycle (F (3, 42) = 4.28, P < 
0.01; η2 = 0.18), and there was a significant inhibitory effect of access to running wheels 
(F (1, 42) = 11.49, P < 0.004; η2 = 0.12) and no significant interaction (Figure 2.9, 
bottom).  
 Flank marking was significantly correlated with the weight of the subcutaneous 
WAT pad on follicular day 1 (r 2 = 0.492, P < 0.003), and was not significantly 
correlated with weight of the other WAT pads on any day of the estrous cycle.  
 Females with access to wheels did not differ from females without wheels in 
lordosis duration or in pre-lordosis duration (Figure 2.8, bottom). 
WAT pads and body weight in females housed with and without access to wheels  
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 Females in the wheel and no wheel groups did not differ significantly in body 
weight at the start of the experiment, but at the end of the experiment, females with 
access to wheels had significantly lower body weights than females without access to 
wheels (F(1,14) = 29.97, P < 0.0001, η2 = 0.68). The females housed with running 
wheels lost significantly more body weight than those housed without access to wheels (F 
(1, 14) = 13.66, P < 0.002, η2 = 0.49). The visceral and parametrial (gonadal) WAT pad 
weights were significantly greater in females housed without wheels compared to those 
housed with wheels (F(1,14) = 17.59, P < 0.001; η2 = 0.56 for visceral and F(1,14) = 
28.703, P < 0.0001; η2 = 0.67 for parametrial). Uterine and subcutaneous WAT pad 
weights were not significantly different between females with and without running 
wheels (Figure 2.10).  
Voluntary wheel-running activity  
 Within the wheel-running group, one-way repeated measures ANOVA showed no 
significant change over the days of the estrous cycle in amount of time spent running in 
the wheels in a 15 minute observation period at the onset of the dark phase of the 
photoperiod (Table 2.1).  
Experiment 2.2B: Effects of access to running wheels on plasma hormone 
concentrations  
 Plasma estradiol concentrations changed significantly over the estrous cycle, and 
were increased (not decreased) by housing the females with running wheels (Figure 2.11, 
top-left). This is confirmed by the two-way ANOVA, which showed a significant effect 
of estrous cycle day (F (1, 34) = 47.57, P < 0.0001; η2 = 0.76), a significant stimulatory 
73 
 
effect of housing with running wheels (F (1, 34) = 4.462, P < 0.04; η2 = 0.023), and no 
significant estrous cycle day by wheel interaction.  
 Plasma progesterone concentrations changed significantly over the estrous cycle, 
but were not significantly affected by housing with running wheels (Figure 2.11, top-
right). This is confirmed by the two-way ANOVA, which showed a significant effect of 
estrous cycle day (F (1, 33) = 32.8, P < 0.0001; η2 = 0.72), but no significant effect of 
access to wheels, and no significant interaction.  
 Plasma leptin concentrations did not fluctuate significantly over the estrous cycle, 
but were decreased by housing with running wheels. This was confirmed by the 
ANOVA, which showed no significant effect of estrous cycle day, a significant inhibitory 
effect of housing with wheels (F (1, 30) = 5.41, P < 0.03; η2 = 0.14), and no significant 
interaction (Figure 2.11, bottom-left).  
 There were no significant differences among the groups in body weight at the 
start of treatments. Change in body weight over treatment was calculated as final body 
weight minus starting body weight, and the ANOVA showed no effect of estrous cycle 
day, a significant inhibitory effect of housing with running wheels (F(1,34) = 27.98, P < 
0.0001; η2 = 0.41), and no significant interaction (Figure 2.11, bottom-right). 
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Discussion for Chapter 2 
 
 The main finding of these experiments was that reduced energy availability 
induced by increased energy expenditure amplified estrous cycle fluctuations in 
appetitive behaviors, and these changes coincided with natural fluctuations in ovarian 
steroids. Thus, my hypothesis was supported. These hormonally-controlled behaviors 
appear to be responsive to the general availability of metabolic fuels, rather than to food 
restriction per se. The pool of available metabolic fuels includes the food eaten and 
digested minus fuels expended during thermogenesis and exercise. 
          This experimental design allowed me to answer two other questions. First, “Are 
these effects of mild energetic challenges mediated by circulating concentrations of 
estradiol and/or progesterone?” The answer was “no” because circulating concentrations 
of these hormones did not differ among ad libitum fed, wheel-housed, and cold-housed 
animals. The second question relates to the fact that mild energetic challenges have 
stronger effects on behavior in the early follicular phase of the estrous cycle compared to 
the ovulatory phase. Thus, I asked, “Do cold ambient temperatures and exercise have 
stronger effects on circulating concentration of leptin during the periovulatory phase?” 
Again, the answer was “No, plasma leptin concentrations were not significantly different 
on different days of the estrous cycle in any group; rather, plasma leptin concentrations 
were uniformly low in cold housed and wheel-housed females compared to females 
housed in warm temperatures without running wheels.” This is consistent with the idea 
that ovarian steroids prioritize sexual motivation to optimize reproductive success, but 
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this role is obscured in females that are housed in energetic abundant conditions and 
without the need to expend energy to keep warm and to run to forage for food.  
Cold-housing: 
 Cold-housing unmasked estrous cycle fluctuations in ingestive and sexual 
motivation that were not seen in females housed at warm ambient temperatures. It is 
important to highlight that estrous cycle fluctuations in appetitive behaviors were absent 
or subtle in warm-housed animals. In these animals, hoarding was low and male 
preference was high throughout the estrous cycle. Housing at 4⁰C significantly increased 
hoarding on three days of the estrous cycle, but this effect was removed during the 
periovulatory phase of the estrous cycle (Figure 2.2). While cold-housing increased 
ingestive motivation, this treatment had an opposing effect on sexual motivation. Cold-
housing reduced the total number of vaginal scent marks (Figure 2.3). A similar effect of 
housing in the cold was seen on the preference for spending time with a male over food. 
However, cold-housed females showed large fluctuations in male preference, such that 
the preference for spending time with a male was low during the follicular and 
postovulatory phases of the estrous cycle, but peaked during the periovulatory period 
(Figure 2.4). Fluctuating patterns in appetitive behaviors closely mirrored those of food-
restricted females (Klingerman et al., 2010).  Similar to food restriction, cold-housing did 
not affect food intake (Figure 2.2) or lordosis duration (Figure 2.4).   These data suggest 
that the mechanisms that control appetitive behaviors are more sensitive than 
consummatory behaviors to changes in the energy expended on thermogenesis. 
 These effects on behavior are mostly likely the result of the increased energetic 
expenditure required to keep warm at cold ambient temperatures. In both experiments 
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2.1a, and 2.1b, cold-housing significantly decreased body weight (Figure 2.5 and 2.6) 
and increased food intake (Table 2.1), as would be expected if cold ambient temperature 
required increased energy expenditure. In addition, female hamsters exposed to cold 
housing had significantly lower WAT pad weights (Figure 2.5) and circulating plasma 
leptin concentrations (Figure 2.6). This is indirect evidence that cold induced 
thermogenesis requires females to mobilizes energy from fat stores and stimulates food 
intake to fuel increases in energetic demand. This idea is supported by previous work in 
hamsters. In Syrian hamsters, the ability of cold housing to inhibit reproductive function 
is dependent on the level of body fat stores at the time of cold exposure, energy 
expenditure, and caloric intake (Early et al., 1998; Schneider and Wade, 1990c). 
Furthermore, thermal capacity of brown adipose tissue, which is a primary source of heat 
or placental mammals (Janský, 1973), is increased by cold temperature in Syrian 
(Jefimow et al., 2004) and Siberian hamsters (McElroy et al., 1986). Reductions observed 
in body weight and fat mass may be an important mechanism for reducing energy 
expenditure by lowering the costs of maintenance and thermoregulation (Ruf and Grafl, 
2010) and increases in food intake may be important to meet energy requirements for 
increased thermogenesis (Zhao, 2011).  
Wheel-housing: 
  Similar to cold-housing, voluntary exercise amplified estrous cycle fluctuations 
in sexual motivation (wheel-housed females showed low motivation during the follicular 
phase compared to those without wheels). Housing with running wheels, however, had 
little effect on food hoarding. In females housed with a running wheel, male preference 
was low during the follicular and postovulatory periods but dramatically increased during 
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the periovulatory phase of the estrous (Figure 2.8). Having the ability to use a running 
wheel did not affect other aspects of appetitive sex behavior, such as vaginal scent 
marking (Figure 2.9) or lordosis (Figure 2.8). As seen with cold housing, female Syrian 
hamsters increase food intake when housed with a running wheel. During experiments 
2.2a and 2.2b, female Syrian hamsters were limited to their average daily food intake 
before given access to a running wheel. This was to prevent the ability to compensate for 
increases in energy expended on locomotion by overeating. When tested for 90 minutes 
in the specialized choice apparatus, animals housed with running wheels did not increase 
hoarding but rather increased food intake across all days of the estrous cycle (Figure 
2.7). While both environmental manipulations amplified estrous cycle changes in sexual 
motivation, differences observed in ingestive behavior could be adaptive to the type of 
energetic stress. 
 The effects of wheel running on ingestive and sexual behavior were most likely 
due to energy expended on locomotion.  To ensure that females were expending energy 
through activity, we confirmed that every Syrian hamster displayed high levels of wheel 
running. In experiments 2.2a and 2.2b, wheel running (compared to having no wheels) 
significantly lowered body weight, WAT pad mass and plasma leptin concentrations. 
Coutinho et. al., 2006, showed a similar effect of wheel running on body condition and 
hormonal concentration in this species, however, animals were allowed to increase their 
food intake. Even though hamsters were allowed to increase food intake, wheel running 
animals were still in negative energy balance (Coutinho et al., 2006).  A similar effect on 
body condition and ingestive behavior is seen in rats and mice (Dixon et al., 2003; 
Swallow et al., 2001). In my experiment, food intake during the 90-minute testing period 
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was negatively correlated with weight of the WAT pads; the lower the adiposity, the 
more the females ate during the preference test. Similarly, in rats, during the time of 
estrous, when estradiol is highest, wheel running-induced food intake is reduced and 
locomotion is increased (Dixon et al., 2003). These results suggests that female Syrian 
hamsters voluntarily expend a significant amount of energy on locomotion, increase their 
food intake, mobilize energy from fat stores but limit their sex behaviors to periods of 
greatest fertility. Unlike cold-housed hamsters, wheel-housed hamsters do not increase 
their food hoarding.  
 Fluctuations in ingestive and sexual behavior induced by either cold-housing or 
wheel running are not caused by changes in plasma concentrations of either estradiol or 
progesterone. In experiment 2.1a and 2.1b, there were no effects of either energetic 
challenge on uterine weight (Figure 2.5 and Figure 2.9). Uterine weight is often a 
measurement that is correlated with concentrations of estradiol and reproductive function 
(Schatz et al., 1983; Wade et al., 1986) Furthermore, there were no significant differences 
between warm-housed and cold-housed, or between wheel-housed or female hamsters 
housed without wheels in circulating plasma concentration of estradiol and progesterone. 
All groups had normal fluctuating concentrations of both ovarian steroids, such that 
estradiol is highest during the follicular day 2 (the day before ovulation) and progesterone 
is highest during the periovulatory period of the estrous cycle (Figure 2.6 and 2.10). 
These measurements are consistent with previous reported values in this species 
(Saidapur and Greenwald, 1978; Shaikh, 1972). Neither of these energetic challenges was 
severe enough to reduce ovarian steroid concentrations or induce anestrous. This is 
consistent with the results of Klingerman et. al., 2010, which demonstrated that 25% 
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caloric restriction amplified estrous cycle fluctuations in appetitive behaviors but did not 
reduce ovarian steroid concentrations. These data support the idea that energetic 
challenges, which are not severe enough to induce anestrous, change appetitive behaviors 
by modifying the sensitivity to ovarian steroids.  
 Changes in leptin concentrations and WAT pad mass were associated with 
changes in ingestive and sexual behavior observed in energetically challenged hamsters. 
Cold-housing and wheel-housing significantly lowered WAT pad mass (Figure 2.5 and 
Figure 2.9) and plasma concentrations of leptin (Figure 2.6 and Figure 2.10).  While 
this does not indicate a direct causation, leptin affects both ingestive and sexual behavior 
in this species. In addition to preventing fasting induced anestrous (Schneider et al., 
2000a), leptin treatment prevents the ability of fasting to reduce vaginal scent marking 
and male preference (Schneider et al., 2007a). Reductions in leptin may inhibit sexual 
motivation but the effect of low leptin concentrations appeared to be overcome by high 
ovarian steroid concentrations. In cold-housed hamsters, lower leptin concentrations may 
promote hoarding behavior but this effect is absent at the time of estrous. Further work is 
needed to understand the lack of food hoarding observed in female hamsters with running 
wheels. In both Siberian and Syrian hamsters, fasting-induced increases in hoarding 
behavior are attenuated by treatments of leptin, but only food intake was reduced in 
Siberian hamsters (Buckley and Schneider, 2003; Keen-Rhinehart and Bartness, 2008; 
Schneider et al., 2007a). Together this work is consistent with the idea that ovarian 
steroids, availability of metabolic fuels and/or leptin concentrations interact to coordinate 
ingestive and sexual behaviors. 
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 Energetic challenge, induced by wheel running and cold housing, reduced WAT 
pad mass, and in particular it reduced the WAT around the ovary. When compared to 
control animals, cold-housing and wheel-housing significantly decreased the perimetrial, 
also known as gonadal, WAT pad (Figure 2.5. and Figure 2.9). Differential loss of this 
WAT could be a mechanism to mobilize metabolic fuels needed for thermogenesis and 
locomotion and inhibit reproduction during energetic challenge. While the loss in gonadal 
fat was not severe enough to inhibit ovarian steroid synthesis, there was a strong 
correlation between gonadal WAT pad mass and male preference during the earlier 
phases of the estrous cycle in both environmental manipulations. Differential loss of the 
parametrial WAT pad is consistent with the idea that during conditions of energetic 
challenge, reproduction is inhibited to balance survival and reproductive success in 
environments. It is important to note that there was a significant loss in visceral WAT pad 
mass in only wheel house animals (Figure 2.5. and Figure 2.9). There was a strong 
correlation between the weight of the visceral WAT pad and food intake in the wheel-
running group (whereas this was not seen in cold-housed females). This differential loss 
of fat in wheel-housed females could be related in some way to the increase in food 
intake peculiar to wheel-housed females Food hoarding may be an important adaptation 
to cold temperatures to prepare for bouts of low energy availability and sedentary 
periods, such as those that occur during hibernation. It is interesting that there was no 
difference between warm and cold-housed hamsters in their visceral WAT pad weights. It 
is possible the utilization of this WAT pad is spared to insulate the internal organs and 
protect them from the environment. These differences in WAT pad utilization may 
underlie difference in ingestive strategy in semi-natural conditions.  
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 The results of Experiment 2 show that the effects of ovarian steroids on the 
appetite for food and sex are masked by conditions of energy abundance. This highlights 
the importance of experimental designs that include energetic condition and behavioral 
choice when studying neuroendocrine mechanisms in the context in which they evolved. 
Furthermore, this work illustrates the importance of measuring both appetitive and 
consummatory behaviors. The effects of cold and wheel-housing have been obscured if 
we had examined only consummatory aspects of sexual behavior. It was interesting that 
hamsters hoarded more food in response to cold, but ate more food in response to wheel 
running. These may be different adaptive strategies that are triggered by different types of 
energetic stress. In response to cold temperatures, increases in hoarding may be adaptive 
to prepare for future periods of shortages of food.  These results demonstrate that ad 
libitum, sedentary treatments should not be considered a control condition but should be 
considered as a manipulation that masks adaptive neuroendocrine mechanisms that 
control metabolism, motivation, and fertility. 
 These experiments have led to several testable hypotheses about the mechanisms 
that ovarian steroids utilizes to orchestrate the motivation for food and sex during 
energetic challenge. We hypothesis that during the earlier phases of the estrous cycle, 
when ovarian steroid concentrations are low, orexigenic signals, such as GnIH, inhibit 
sexual motivation and promote ingestive motivation. Furthermore, high levels of ovarian 
steroids at the time of estrous block the effects of orexigenic signals and promote sexual 
motivation during this period of greatest fertility, possibly through the stimulation of Kp. 
The following chapter was designed to determine whether interactions between energy 
availability and ovarian steroids are closely linked to circulating levels of hormones and 
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neuropeptides thought to control ingestive and sexual behavior. Specifically the 
association among estradiol, progesterone, leptin, GnIH, and Kp were examined.   
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Table 2.1          
 
Estrous cycle day     
  Follicular day 1 Follicular day 2 Periovulatory day Postovulatory day 
24-hour intake for the 1st 4 days (g) 
  
Cold-housed 8.68 ± 0.66 10.59 ± 0.4 0.0 ± 0.0 0.4 ± 0.4 
Warm 
Housed 8.51 ± 0.60 11.29 ± 0.44 10.71 ± 0.39 10.16 ± 0.37 
     24-hour intake for the last 4 days (g) 
  Cold-housed 14.53 ± 0.52 15.88 ± 0.42 14.82 ± 0.84 14.77 ± 0.60 
Warm 
Housed 10.12 ± 0.31 9.50 ± 0.31 9.21 ± 0.27 9.14 ± 0.41 
          
Number of wheel revolutions in 15 mins 
 Wheel-
running 6.25 ± 0.45 5.83 ± 0.33 6.64 ± 0.32 5.85 ± 0.26 
 
  Table 2.1: Mean and standard error of the mean for 90-min food intake in females 
housed either at cold (5 ± 1 °C) or warm (22 ± 1 °C) ambient temperatures and then 
tested in the preference apparatus on every day of the estrous cycle. Mean and standard 
deviation of time spent running in the running wheel in females housed either with 
running wheels and then tested in the preference apparatus on every day of the estrous 
cycle. In the wheel-housed group, food was limited to that of the control group so that 
there were no significant differences in 24-hour food intake. 
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Figure. 2.1: A diagram of the chronology for experiments 2.1A and 2.2A (top) and for 
experiments 2.1B and 2.2B (bottom). In experiment 2.1A, females were acclimated to 
their home cages and then trained in the preference apparatus for 1.5–2 h each evening. 
Next, during the treatment period they were housed at either 5 or 22 °C. After 3 days of 
treatment, females were tested every day of the 4-day estrous cycle while they remained 
in their respective cold or warm room. In experiment 2.2A, females were acclimated then 
housed either with or without running wheels 24 h per day for the 10-day treatment 
period. They were trained in the preference apparatus for 1.5–2 h during the first part of 
the treatment period and tested on every day of the estrous cycle in the last part of the 
treatment period. In experiments 2.1B and 2.2B, females were acclimated and placed into 
treatment groups. In 2.1B, the groups were cold or warm-housed, and in 2.2B, the groups 
were housed with or without running wheels. Treatments continued for 8 days and 
animals were euthanized and blood collected for analysis of plasma estradiol, 
progesterone, and leptin concentrations. 
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Figure 2.2: Mean and standard error of the mean for amount of food hoarded (top) and 
food intake (bottom) for female Syrian hamsters tested during a 90-min period that 
spanned the onset of the dark phase of the photoperiod each day of the 4-day estrous 
cycle. Two groups were housed in one of two rooms maintained at either 22 ± 1 °C 
(warm) or at 5 ± 1 °C (cold) for 7 days before testing in experiment 2.1A. * = 
significantly different from warm-housed females at P < 0.05.  
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Figure 2.3: Mean and standard error of the mean for total vaginal scent markings, (top), 
and total flank markings (bottom) measured during a 15 min test each day of the 4-day 
estrous cycle. Female Syrian hamsters were housed in one of two rooms maintained at 
either 22 ± 1 °C (warm) or at 5 ± 1 °C (cold) for 7 days before testing in experiment 
2.1A. 
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Figure 2.4: Mean and standard error of the mean for male preference, calculated as the 
((time spent with males minus the time spent with food) divided by the total time) (top), 
and for lordosis duration and pre-lordosis duration (bottom) measured during a 15 min 
test each day of the 4-day estrous cycle. Female Syrian hamsters were housed in one of 
two rooms maintained at either 22 ± 1 °C (warm) or at 5 ± 1 °C (cold) for 7 days before 
testing in experiment 2.1A. 
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Figure 2.5: Mean and standard error of the mean for visceral, subcutaneous, and 
parametrial white adipose tissue (WAT) pad, uterine, final body weight, and change in 
body from female hamsters that had been housed in one of two rooms maintained at 
either 22 ± 1 °C (warm) or at 5 ± 1 °C (cold) for 7 days before testing in experiment 
2.1A. * = significantly different from warm-housed females at P < 0.05. 
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Figure 2.6: Mean and standard error of the mean for A. Plasma estradiol concentrations, 
B. plasma progesterone concentrations, C. plasma leptin concentrations, and D. change in 
body weight in female hamsters that had been housed in one of two rooms maintained at 
either 22 ± 1 °C (warm) or at 5 ± 1 °C (cold) for 8 days before testing in experiment 
2.1B.  
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Figure 2.7: Mean and standard error of the mean for amount of food hoarded (top) and 
food intake (bottom) in hamsters tested during a 90 min period that spanned the onset of 
the dark phase of the photoperiod each day of the 4-day estrous cycle. Prior to testing the 
females were housed at 22 °C either with access to a running wheel or without access to a 
wheel for 6 days before testing (10 day total) in experiment 2.2A 
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Figure 2.8: Mean and standard error of the mean for male preference, calculated as the 
((time spent with males minus the time spent with food) / the total time) from experiment 
2. Preference was measured during a 15 min test each day of the 4-day estrous cycle. 
Female hamsters were housed either with or without access to a running wheel for 6 days 
before testing (10 day total) in experiment 2.2A. 
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Figure 2.9: Mean and standard error of the mean for total vaginal scent markings, (top), 
and total flank markings (bottom) measured during a 15 min test each day of the 4-day 
estrous cycle. Female Syrian hamsters were housed in one of two rooms maintained at 
either 22 ± 1 °C (warm) or at 5 ± 1 °C (cold) for 7 days before testing in experiment 
2.2A. 
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Figure 2.10: Mean and standard error of the mean for visceral, subcutaneous, and 
parametrial white adipose tissue (WAT) pad, uterine, final body weight, and change in 
body weight from female hamsters that had been housed in one of two rooms maintained 
at either 22 ± 1 °C (warm) or at 5 ± 1 °C (cold) for 7 days before testing in experiment 
2.2a. * = significantly different from warm-housed females at P < 0.05. 
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Figure 2.11: Mean and standard error of the mean for plasma estradiol concentrations 
(top-left),  plasma progesterone concentrations (top-right), plasma leptin concentrations 
(bottom-left), and change in body weight (bottom-right) in female hamsters that had been 
housed in one of two rooms, one with and one without access to running wheels for 8 
days before testing in experiment 2.2b. 
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Chapter 3 
 
Introduction for Chapter 3 
 
 In the previous chapter, I provided evidence that the effects of ovarian steroids on 
behavior are exaggerated under a variety of energetic challenges, including increased 
locomotion, cold ambient temperatures, and mild food restriction (75% of ad libitum 
intake) (Abdulhay et al., 2014; Klingerman et al., 2010; Klingerman et al., 2011a; 
Klingerman et al., 2011b). 
 In this chapter, I examine the two-part hypothesis that 1) food restriction increases 
the activation of GnIH cells and this increases ingestive behavior and decreases sexual 
motivation, and 2) these effects of food restriction on behavior are attenuated when high 
levels of estradiol and/or progesterone inhibit food-restriction-induced increases in GnIH 
cell activation. As described in great detail in chapter 1, GnIH is a candidate mediator of 
the effects of energetic challenges on behavior; GnIH has been shown in other model 
systems (e.g., rats and mice) to inhibit reproductive behavior, promotes ingestive 
behavior, and sensitivity to estradiol. This dodecapeptide is also implicated in control of 
the HPG system and behavior in response to the environment, including winter day 
lengths (reviewed by (Kriegsfeld et al., 2015; Tsutsui et al., 2013), stressful stimuli 
(Calisi et al., 2008; Geraghty et al., 2015; Iwasa et al., 2014; Kirby et al., 2009; Lynn et 
al., 2015; Son et al., 2014), energetic deficits (Davies et al., 2015; Fraley et al., 2013; 
Klingerman et al., 2011b; León et al., 2014; Li et al., 2014), and steroid feedback on 
GnRH and gonadotropins (reviewed by(Tsutsui et al., 2010)). Significant increases in 
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cellular activation of GnIH-ir cells occur in response to restraint stress in rodents (Kirby 
et al., 2009) birds (Calisi et al., 2008) or food restriction in Syrian hamsters (Klingerman 
et al., 2011b). In these studies, cells are double-labeled for GnIH and Fos, the protein 
product of the immediate-early gene, c-fos, an established marker for cellular activation 
that is correlated with neuropeptide secretion (Hoffman et al., 1993; Sagar et al., 1988). 
In energetically-challenged animals, increases in Fos-ir in GnIH-ir cells are associated 
with decreases in GnIH-ir cell number (Fraley et al., 2013; Klingerman et al., 2011b), 
which would be expected if cells are depleted of their neuropeptide product upon 
secretion.   
 Kp is another RFamide that has garnered attention as a mediator of the effects of 
energy balance on reproduction. There are two major populations of Kp cells that are 
colocalized with ER-α (Herbison, 2008). In rodents, it has been posited that estradiol-
influenced increases in Kp secretion from AVPV cell populations contribute to the 
positive feedback effects of estradiol (Smith et al., 2005; Smith et al., 2006b), whereas 
estradiol-induced decreases in Kp secretion from Arc cell populations contribute to the 
negative feedback effects of estradiol (Castellano et al., 2010). Nutritional state controls 
Kp expression. Fasting decreases Kiss1 expression in male rats (Luque et al., 2007) and 
in only the AVPV of female rats (Kalamatianos et al., 2008). However, chronic food 
restriction reduces Kp expression in only the ARC of female rats (Roa et al., 2009). Since 
treatment with Kp prevents fasting-induced reductions in LH secretion, Kp may mediate 
the effects of energy balance on reproduction  (Castellano et al., 2005).  In addition to 
reproductive function, Kp influences energy metabolism. When the gene that encodes Kp 
is eliminated, e.g., in Kp knockout mice, female mice develop increased body fat mass 
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and body weight. (Tolson et al., 2014). For these reasons, we hypothesized that 
stimulation of Kp secretion by high levels of estradiol surrounding the LH surge would 
prioritize mating during mild energetic challenge.  
This chapter explored the general idea that GnIH and Kp interactions with ovarian 
steroids optimize reproductive success where food availability is unpredictable or scarce. 
 
Hypothesis: I hypothesize that the effects of mild food restriction on behavior are caused 
by food restriction-induced increases in cellular activation in the presence of low levels 
of ovarian steroids during the early follicular phase of the estrous cycle. These increases 
in cellular activation occur in the cells that synthesize and secrete GnIH and Kp. 
Furthermore, I hypothesize that estradiol and/or progesterone inhibit activation of GnIH 
cells and behavior by binding directly to GnIH-containing cells in the DMH to inhibit 
GnIH cell activation. 
 
Prediction: According to my hypothesis I predicted that food restriction-induced changes 
in cellular activation of GnIH and/or Kp cells would recapitulate changes in appetitive 
ingestive behavior; increases in the early follicular phase and decreases at the time of 
ovulation. I also predict that treatment with some combination of ovarian steroids alone 
or together would inhibit food restriction-induced GnIH cellular activation and that 
estradiol and/or progesterone receptors would be found on GnIH cells. 
 
Brief Overview of Methods for Experiment 3: In experiment 3.1, I measured the 
number of GnIH-ir and Kp-ir cells labeled with Fos-ir in female Syrian hamsters that 
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were fed ad libitum or food restricted (75% of average daily intake) for a period of 8 
days. Animals were sacrificed in groups that represented every day of the four-day 
estrous cycle. In experiment 3.2, ovariectomized female Syrian hamsters that were either 
fed ad libitum or restricted to 75% of their ad libitum daily intake were treated with 
estradiol alone, progesterone alone, or estradiol plus progesterone. Finally, to determine 
if progesterone can interact directly with GnIH containing cells, progesterone receptor 
(PR)-ir was colocalized with GnIH-ir. 
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Methods for Chapter 3 
 
Experiment 3.1: The Food Restriction-Induced Pattern of Activation of GnIH Cells 
Mimics the Effects of Food Restriction on Behavioral Priorities. 
 Female hamsters (described in the general methods) were either fed ad libitum or 
food-restriction, as previously described, for eight days. Subjects were further divided 
into groups representing the four days of the hamster estrous cycle (n=10/group; total of 8 
groups) in which blood and brains were collected. There were no significant differences 
in body weight among the groups at the start of food restriction. Methods are depicted in 
Figure 3.1. At the end of treatment blood and brains were collected (described in general 
methods) at the times that energetic manipulations influenced appetitive sex and ingestive 
behavior in previous experiments (Klingerman et al., 2010; Klingerman et al., 2011b). 
Blood was analyzed for serum concentrations of estradiol, progesterone, and leptin 
(described in the general methods). 
Immunohistochemistry  
 Every fourth section was used for fluorescence immunohistochemical (IHC) 
staining with primary antibodies for GnIH and Fos. Tissue was washed in a 0.1M 
phosphate buffered saline (PBS) solution and then incubated with a 0.55% hydrogen 
peroxide (H2O2).  Tissue was subsequently incubated in a normal goat serum (1:50 
Jackson ImmunoResearch Laboratories; West grove, PA, USA) suspended in 0.1% 
Triton-X100 (PBT) for a period of 1 hour at room temperature. Sections were then 
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incubated in a 1:40000 dilution of rabbit anti-Fos (Santa Cruz biotechnology; Santa Cruz, 
CA, USA) for a period of 48 hours at 4⁰C. To amplify Fos signaling, tissue was washed 
in phosphate buffered saline with Triton-X (0.1%) (PBT) before it was incubated for 1 
hour with biotinylated goat anti-rabbit (1:300 Vector Laboratories; Burlingame, CA, 
USA) at room temperature. Afterwards, sections were allowed a 1 hour incubation period 
with advidin-biotin-horseradish peroxidase complex (Vector Laboratories) and then 
subjected to a 0.6% biotinylated tyramide solution for exactly 30 minutes at room 
temperature. The following steps were performed with as little contact with light as 
possible because of the use of fluorophores. Cy-2 Conjugated Streptavidin (1:200 
Jackson Immunoresearch Laboratories) was used to label cells containing Fos for a 
period of 1 hour at room temperature. Tissue was subsequently washed with a PBS 
solution before being blocked for an hour in normal donkey serum (1:66 Jackson 
ImmunoResearch Laboratories).The second primary antibody was obtained from the 
Kriegsfeld laboratory and is specifically directed against GnIH of the Syrian hamster and 
does not show cross reactivity with other RFamides (Gibson et al., 2008). The sections 
were incubated in GnIH antiserum (1:5000 PAC1365) for a period of 48 hours at 4⁰C. 
After incubation, tissue was washed in PBT and GnIH was fluorescently labeled with 
CY-3 Donkey anti-rabbit (1:500 Jackson Immunoresearch Laboratories) for a period of 1 
hour at room temperature. The sections were mounted on gelatin coated slides and 
allowed to dry overnight. Slides were coverslipped using a dehydration and clarification 
protocol using ethanol and xylene. 
 Every fourth section was used for fluorescence IHC staining with primary 
antibodies for Kp and Fos. Tissue was washed in PBS and then incubated with a 0.55% 
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hydrogen peroxide (H2O2) for 10 minutes followed by addition washes.  Tissue was 
subsequently incubated in a normal goat serum (1:50 Jackson ImmunoResearch 
Laboratories) suspended in 0.1% Triton-X100 (PBT) for a period of 1 hour at room 
temperature. The primary antibody was obtained from the Mikkelsen laboratory and was 
validated for specificity in Syrian hamsters in (Williams III et al., 2010). Sections were 
incubated in a 1:2000 dilution of rabbit polyclonal anti-kisspeptin-10 antiserum for a 
period of 48 hours at 4⁰C. To amplify Kp signaling, tissue was washed in phosphate 
buffered saline with Triton-X (0.1%) (PBT) before it was incubated for 1 hour with 
biotinylated goat anti-rabbit (1:300 Vector Laboratories) at room temperature. 
Afterwards, sections were allowed a 1 hour incubation period with advidin-biotin-
horseradish peroxidase complex (Vector Laboratories) and then subjected to a 0.6% 
biotinylated tyramide solution for exactly 30 minutes at room temperature. The following 
steps were performed with as little contact with light as possible because of the use of 
fluorophores. Cy-2 Conjugated Streptavidin (1:200 Jackson Immunoresearch 
Laboratories) was used to label cells containing Kp for a period of 1 hour at room 
temperature. Tissue was subsequently washed with a PBS solution before being blocked 
for an hour in normal donkey serum (1:66 Jackson ImmunoResearch Laboratories). 
Tissue was then incubated with the second primary antibody rabbit anti-Fos (1:10000, 
Santa Cruz biotechnology) for a period of 48 hours at 4⁰C. After incubation, tissue was 
washed in PBT and Fos was fluorescently labeled with CY-3 Donkey anti-rabbit (1:500 
Jackson Immunoresearch Laboratories) for a period of 1 hour at room temperature. The 
sections were mounted on gelatin coated slides and allowed to dry overnight. Slides were 
coverslipped using a dehydration and clarification protocol using ethanol and xylene. 
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Light Microscopy  
 Through the use of light microscopy, sections were examined using a Nikon 
Eclipse E800 microscope. Labeling was examined using the filters for CY-2 (488 nm) 
and Cy-3 (568 nm). Areas of the DMH containing GnIH-ir were digitally captured by a 
Diagnostic Instruments 7.2 Color Mosaic digital camera. Without changing the 
microscope focus but changing the filter, an additional image was captured for Fos-ir. 
The two images were converged and then analyzed using Photoshop to count the total 
amount of GnIH-ir cells and GnIH-ir cells containing Fos-ir. Photoshop allowed us to 
independently observe the green and red channels. Colocalization of GnIH/Fos-ir was 
confirmed by two observers blind to the conditions. 
 Sections labeled for Kp and Fos were visualized using a Zeiss Z1 microscope 
(Thornwood, NY). Labeling was examined using the filters for CY-2 (488 nm) and Cy-3 
(568 nm). Areas of the AVPV and the ARC containing Kp-ir cells were digitally captured 
using a cooled CCD camera (Zeiss). Without changing the microscope focus but 
changing the filter, an additional image was captured for Fos-ir. The two images were 
converged and then analyzed with ImageJ to count the total amount of Kp-ir cells and 
Kp-ir cells containing Fos-ir. Colocalization of Kp/Fos-ir was confirmed by two 
observers blind to the conditions. 
 
Experiment 3.2: Progesterone Attenuates Food Restriction-Induced Activation of 
GnIH-ir cells 
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 Results from the previous experiment led us to examine how energetic condition 
interacts with ovarian hormones to affect GnIH cellular activation. Specifically, we 
hypothesize that food restriction would increase food hoarding and decrease male 
preference by the activation of GnIH cells, and that estradiol and/or progesterone at the 
time of estrous would inhibit changes in behavior by preventing food restriction-induced 
activation of GnIH cells by binding directly to GnIH-containing cells in the DMH. If so, 
treatment with some combination of ovarian steroids alone or together would inhibit food 
restriction-induced GnIH cellular activation. To test this hypothesis, I used an estradiol 
dose that promotes vaginal scent marking and sexual motivation. If my hypothesis were 
correct, this dose would prevent food restriction-induced activation of GnIH cells. We 
hypothesized that, during food restriction, changes in ingestive and sexual motivation are 
controlled by an interaction of estradiol with GnIH-containing cells. Therefore, we tested 
the effect of a treatment regimen of estradiol and progesterone, which induces lordosis, 
and progesterone alone on food restriction-induced cellular activation of GnIH cells. 
These treatment doses and timing were selected for their ability to affect ingestive 
behavior, induce estrous behavior, induce appetitive sexual behavior, and increase GnIH 
cellular activation  (Asarian and Geary, 2002; Blaustein and Wade, 1976; Klingerman et 
al., 2010; Kriegsfeld et al., 2006; Piekarski et al., 2013; Rivera and Eckel, 2010).  
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 Our hypothesis would be refuted if estradiol had no effect on the percent of GnIH 
cells that show Fos. In addition, my hypothesis would be refuted if estradiol increased the 
number of GnIH-ir/Fos-ir cells in ad libitum fed animals. Furthermore, my hypothesis 
would be refuted if treatment of estradiol and progesterone and/or progesterone alone 
fails to attenuate food restriction-induced activation of GnIH-ir cells. 
Experimental Design, Surgery and Treatment 
 Forty female Syrian hamsters were anesthetized by sodium pentobarbital 
(100mg/kg of body weight) and received bilateral ovariectomy. Two weeks after surgery, 
animals began their dietary treatment of either an ad-libitum or food restricted diet. 
Females were further divided into 4 additional groups (n=8/group) in order to examine 
the effects of estradiol and progesterone treatment, that facilitate perceptive and estrous 
behavior, on GnIH cellular activation during conditions of mild energetic challenge. One 
group of OVX hamsters received a subcutaneous (Schwartz et al.) injection of 2.5 µg of 
estradiol benzoate, dissolved in canola oil, 48 hours before tissue collection. All other 
groups received a S.C. injection of the oil vehicle.  Six hours before tissue collection, 
animals that were pretreated with estradiol and one group that was pretreated with oil 
were treated with a S.C. injection of 500 µg of progesterone, dissolved in canola oil. One 
group of animals that were pretreated with oil received a S.C. injection of 10 µg estradiol 
benzoate. The remaining control animals received a S.C. injection of oil during this time 
period. The treatment timeline is outlined in Figure 3.2. 
 At the end of the treatment period, animals were deeply anesthetized with an 
overdose of sodium pentobarbital (200 mg/kg of body weight), as previously described, 
at the onset of the dark photoperiod. Perfusions were performed as previously described 
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and brains were section using an E505 Microm cryostat. Sections were stored in a 
polyvinyl pyrrolidone (PVP) solution at -20⁰C. Tissue was processed for GnIH and Fos 
immunoreactivity by immunohistochemistry, as previously described. Light microscopy 
was used to determine colocalization of GnIH and Fos immunoreactivity as previously 
described. 
Experiment 3.3: Direct or Indirect Effects of Progesterone on GnIH Cell Activation 
 This experiment was designed to test the hypothesis that progesterone exerts a 
direct action on GnIH cellular activation. Co-localization of GnIH-ir with progesterone 
receptor (PR)-ir was quantified. Five female Syrian hamsters (125- 142 grams) received 
bilateral OVX surgery as previously described in experiment 3.2. Animals were given a 
two week recovery period to allow for clearance of circulating ovarian hormones.  
Females received a subcutaneous injection with 5 µg of estradiol benzoate, which is a 
treatment that induces progesterone receptor expression in this species (Mangels et al., 
1998). After 48 hours, hamsters were perfused and brains were collected as previously 
described. Tissue was sectioned with a cryostat as previously described in experiment 
3.1.  
 Our hypothesis would be supported if PR-ir was colocalized with GnIH-ir cells. 
Our hypothesis would be refuted if GnIH-ir is not colocalized with PR-ir. The latter result 
would indicate that progesterone must inhibit activation of GnIH cells by acting on cells 
that project to GnIH cells or by direct action on GnIH that does not involve PR 
Immunohistochemistry:  
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 Every fourth section was used for florescence IHC staining with primary 
antibodies for PR and GnIH. Tissue was washed in 0.01M PBS and then incubated with a 
0.55% hydrogen peroxide (H2O2).  Tissue was subsequently incubated in a normal goat 
serum (1:120 Jackson ImmunoResearch Laboratories) suspended in 0.3% Triton-X100 
(PBT) for a period of 1 hour at room temperature. Sections were incubated in a 1:10000 
dilution of rabbit polyclonal anti-human progesterone receptor antiserum (DAKO Inc.; 
Carpinteria, CA, USA) for a period of 48 hours at 4⁰C. To amplify PR signaling, tissue 
was washed in phosphate buffered saline with Triton-X (0.3%) (PBT) before it was 
incubated for 1 hour with biotinylated goat anti-rabbit (1:200) at room temperature. 
Afterwards, sections were allowed a 1 hour incubation period with advidin-biotin-
horseradish peroxidase complex and then subjected to a 0.6% biotinylated tyramide 
solution for exactly 30 minutes at room temperature. The following steps were performed 
with as little contact with light as possible because of the use of fluorophores. Cy-2 
Conjugated Streptavidin (1:133) was used to label cells containing PR for a period of 1 
hour at room temperature. Tissue was subsequently washed with a PBS solution before 
being blocked for an hour in normal donkey serum (1:120 Jackson ImmunoResearch 
Laboratories). The second primary antibody was obtained from the Kriegsfeld laboratory 
and is specifically directed against GnIH of the Syrian hamster and does not show cross 
reactivity with other RFamides (Gibson et al., 2008). The sections were incubated in 
GnIH antiserum (1:5000 PAC1365) for a period of 48 hours at 4⁰C. After incubation, 
tissue was washed in PBT and GnIH was fluorescently labeled with CY-3 Donkey anti-
rabbit (1:200 Jackson Immunoresearch Laboratories) for a period of 1 hour at room 
temperature. The sections were mounted on gelatin coated slides and allowed to dry 
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overnight. Slides were coverslipped using a dehydration and clarification protocol using 
ethanol and xylene. 
 Sections labeled for GnIH and PR were visualized using a Zeiss Z1 microscope 
(Thornwood, NY). Labeling was examined using the filters for CY-2 (488 nm) and Cy-3 
(568 nm). Areas of the DMH containing GnIH-ir cells were digitally captured using a 
cooled CCD camera (Zeiss). Without changing the microscope focus but changing the 
filter, an additional image was captured for PR-ir. The two images were converged and 
then analyzed using Photoshop to examine for colocalization. In addition, Areas outside 
of the DMH were examined and digitally captured for PR-ir. Photoshop allowed us to 
independently observe the green and red channels. Colocalization of Kp/Fos-ir was 
confirmed by two observers blind to the conditions. 
Statistical Analysis: 
 In experiments 3.1 and 3.2, data were analyzed using a two-way ANOVA to 
detect the differences in immunoreactivity, hormonal concentrations and body weight. 
The percent of cellular activation of GnIH-ir cells was calculated by (total number of 
cells double labeled with GnIH-ir and Fos-ir divided by the total number of GnIH-ir 
cells) multiplied by 100. When differences were significant, a Tukey’s post hoc 
comparison was conducted. Differences were considered significant if P was less than 
0.05.  
 For all of the experiments, the effect sizes were calculated using eta-squared ( 2) 
and the Person’s correlation coefficient (r) are shown for correlations between two 
measured variables.   
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Results for Chapter 3 
 
 
Experiment 3.1: Food Restriction-Induced Pattern of Activation of GnIH Cells 
Mimics the Effects of Food Restriction on Behavioral Priorities. 
Body weight and serum leptin concentrations:  
  A two-way ANOVA showed a significant main effect of diet on body weight [F 
(1, 61) = 30.291, P = 0.000; 2 = 0.331] (Figure 3.3). Animals that were fed ad libitum 
were significantly heavier than the food restricted animals after 8 days of restriction. 
When the change in body weight was calculated by subtracting the terminal body weight 
from the body weight at the start of treatment, a two-way ANOVA showed a significant 
main effect of food restriction on the change in body weight [F (1, 62) = 128.034, P < 
0.001;  2 = 0.676] (Figure 3.4). Food restricted hamsters lost significantly more body 
weight than those that were fed ad libitum. 
 There was a significant main effect of food restriction [F (1, 61) = 33.158, P < 
0.001;  2 = 0.322] and estrous cycle day [F (3, 59) = 3.225, = P < 0.05;  2 = 0.094] on 
serum leptin concentrations. A post hoc comparison revealed that serum leptin 
concentrations did not differ among the different days of the estrous cycle. Animals that 
were food restricted for a period of 8 days, showed significantly lower concentrations of 
serum leptin than ad libitum-fed females, but there were no differences in serum leptin 
concentrations among individual days of the estrous cycle (Figure 3.4). There was no 
significant diet X estrous cycle day interaction on circulating concentrations of leptin [F 
(3, 59) = 2.027, P > 0.05;  2 = 0.059].  
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             Serum leptin concentrations were positively correlated with body weight (r = 
0.596; p < 0.001) and change in body weight (r = 0.392; p < 0.01). There was no 
significant correlation between serum leptin concentration and any other of the variables 
(estradiol, progesterone, total number of GnIH-ir cells, and total number of GnIH-ir cells 
with Fos-ir). 
 There was not enough serum to perform an analysis for one animal. As a result, 
the sample sizes were as followed: ad libitum/follicular 1 (n=8), ad libitum/follicular 2 
(n=8), ad libitum/periovulatory (n=8), ad libitum/postovulatory (n=7), food 
restricted/follicular 1 (n=8), food restricted/follicular 2 (n=8), food 
restricted/periovulatory (n=8), food restricted/postovulatory (n=8). 
Serum estradiol and progesterone concentrations: 
 Whereas serum concentrations of estradiol and progesterone varied significantly 
over the estrous cycle, there were no significant main effect of diet and no significant diet 
X estrous cycle day interaction. For example, the ANOVA showed a significant main 
effect of estrous cycle day on estradiol [F (3, 59) = 72.445, P < 0.001;  2 = 0.79] (Figure 
3.4) and progesterone concentrations [F (3, 59) = 90.252, P < 0.001;  2 = 0.819] (Figure 
3.4), which is expected in females with normal HPG function (Siegel, 1985). that for 
serum concentrations of estradiol [F (1, 61) = 0.134, P > 0.05] and progesterone [F (1, 
61) = 0.048, P > 0.05] there was no main effect of diet. For circulating concentrations of 
estradiol [F (3, 59) = 0.835, P > 0.05;  2 = 0.009] and progesterone [F (3, 59) = 1.546, P 
> 0.05;  2 = 0.14] there was no significant diet X estrous cycle day interaction. While, 
estradiol concentrations were significantly higher on the night of follicular 2 day than on 
all other nights of the cycle, progesterone concentrations were significantly higher during 
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the night of the periovulatory day than the other nights of the cycle. Progesterone 
concentrations significantly lower on the night of follicular 2 than on the other nights By 
contrast to changes in body weight, body fat content, and serum leptin concentrations, 
serum concentrations of ovarian steroid were not significantly affected by food 
restriction.  
 There was a significant negative correlation between estradiol concentration and 
progesterone concentration (r = -0.524; p < 0.001). Neither of these factors had a 
significant correlation with any other of the other variables (leptin, body weight, total 
number of GnIH-ir cells, and total number of GnIH-ir cells with Fos-ir, and percent of 
GnIH-ir cells with Fos-ir). 
 There was not enough serum to perform an estradiol and progesterone assay for 
one animal. As a result, the sample sizes were as followed: ad libitum/follicular 1 (n=8), 
ad libitum/follicular 2 (n=7), ad libitum /periovulatory (n=8), ad libitum/postovulatory 
(n=8), food restricted/follicular 1 (n=8), food restricted/follicular 2 (n=8), food 
restricted/periovulatory (n=8), food restricted/postovulatory (n=8). 
GnIH immunoreactivity and cellular activation: 
 With regard to the percent of GnIH-ir double-labeled with Fos-ir, two-way 
ANOVA showed a significant main effect of food restriction [F (3, 52) = 81.082, p < 
0.001;  2 = 0.504], and estrous cycle day [F (3, 52) = 4.191, P < 0.05;  2 = 0.078] and 
significant interaction of food restriction X estrous cycle day [F (7, 48) = 6.369, P < 0.05; 
 2 = 0.118] (Figure 3.5). A post hoc analysis showed that food restriction significantly 
increased the percentage of GnIH-ir cells with Fos-ir (P < 0.05), but this effect was 
absent during the periovulatory period of the estrous cycle (P > 0.05).  
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 Food restriction significantly decreased the total number of GnIH-ir cells. There 
was a main effect of diet on the total number of GnIH-ir cells [F (1, 54) = 4.3, p < 0.05;  
2 = 0.079], no significant effect of estrous cycle day, and no significant interaction 
(Figure 3.5). 
            There were no significant main effects and no significant interaction with regard 
to the total number of cells double labeled with GnIH-ir and Fos-ir. [F (1, 54) = 0.634, p 
> 0.05;  2 = 0.011] (Figure 3.5). 
          There was a significant positive correlation between the total number of GnIH-ir 
cells with Fos-ir and total number of GnIH-ir cells (r = 0.856; p < 0.001), and the total 
number of GnIH-ir cells with Fos-ir was positively correlated to the percent of GnIH-ir 
cells with Fos-ir (r= 0.360; p < 0.01). In addition, the percent of GnIH-ir cells with Fos-ir 
was negatively correlated with leptin concentration (r = -0.432; p < 0.01), terminal body 
weight (r = -0.474; p < 0.001), and change in body weight (r = -0.464; p < 0.001). 
 Eight females were removed due to poor staining, or damaged tissue from 
sectioning. As a result, the sample sizes were as followed: ad libitum/follicular 1 (n=7), 
ad libitum/follicular 2 (n=6), ad libitum/periovulatory (n=7), ad libitum/postovulatory 
(n=7), food restricted/follicular 1 (n=7), food restricted/follicular 2 (n=7), food 
restricted/periovulatory (n=7), food restricted/postovulatory (n=8). 
Kp immunoreactivity and cellular activation: 
 With regard to total number of Kp-ir cells in the AVPV, there was nosignificant 
main effect of food restriction [F (1, 53) = 0.571, P > 0.05;  2 = 0.167] or day of the 
estrous cycle [F (3, 51) = 0.784, P > 0.05;  2 = 0.228], and no significant interaction [F 
(7, 48) = 1.076, P > 0.05;  2 = 0.314] (Figure 3.6). With regard to total number of Kp-ir 
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cells with Fos-ir in the AVPV, there was no significant main effect of food restriction [F 
(1, 53) = 0.571, P > 0.05;  2 = 0.011] or day of the estrous cycle [F (3, 51) = 0.508, P > 
0.05;  2 = 0.03], and no interaction [F (7, 48) = 0.900, P > 0.05;  2 = 0.053] (Figure 
3.6). With regard to the percentage of Kp-ir cells with Fos-ir in the AVPV, there was no 
significant main effect of food restriction [F (1, 53) = 1.606, P > 0.05;  2 = 0.029], 
estrous cycle [F (3, 51) = 0.835, P > 0.05;  2 = 0.045], or an interaction of the main 
effects [F (7, 48) = 0.152, P > 0.05;  2 = 0.008] (Figure 3.6).  
 With regard to the total number of Kp cells in the Arc, there was no significant 
main effect of food restriction [F (1, 54) = 0.159, P > 0.05;  2 = 0.003] or day of the 
estrous cycle [F (3, 52) = 0.657, P > 0.05;  2 = 0.037], and no significant interaction [F 
(7, 49) = 1.277, P > 0.05;  2 = 0.072] (Figure 3.7). With regard to the total number of 
Kp-ir cells with Fos-ir in the Arc, there was no significant main effect of food restriction 
[F (1, 54) = 1.175, P > 0.05;  2 = 0.003] or day of the estrous cycle [F (3, 52) = 1.409, P 
> 0.05;  2 = 0.037], and no significant interaction [F (7, 49) = 1.483, P > 0.05;  2 = 
0.072] on the total number of Kp-ir cells with Fos-ir (Figure 3.7).  With regard to the 
percentage of Kp-ir cells with Fos-ir in the Arc, there was no significant main effect of 
food restriction [F (1, 54) = 2.218, P > 0.05;  2 = 0.036] or day of estrous cycle [F (3, 
52) = 1.959, P > 0.05;  2 = 0.095], and there was no significant interaction [F (7, 49) = 
2.081, P > 0.05;  2 = 0.104] (Figure 3.7).   
          There was a significant positive correlation between the total number of Arc Kp-ir 
cells with Fos-ir cells (r = 0.29; p < 0.05) and the percent of Arc Kp-ir cells with Fos-ir 
cells (r = 0.31; p < 0.05) with estradiol serum concentrations. In addition, the total 
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number of Kp-ir cells in the top three sections of the AVPV were positively correlated 
with estradiol serum concentrations (r = 0.31; p < 0.05). 
Experiment 3.2: Progesterone Mediates the Ability of the Female Gonads to 
Attenuate Food Restriction-Induced Activation of GnIH-ir cells 
Body weight: 
  A two-way ANOVA revealed a significant main effect of diet on terminal body 
weight [F (1, 55) = 34.546, P < 0.00; 2 = 0.359] (Figure 3.8) and change in body weight 
[F (1, 55) = 161.572, P < 0.000; 2 = 0.738] (Figure 3.8). Animals that were food 
restricted weighed significantly less and lost more weight than animals that were fed ad 
libitum after 8 days of treatment. There was no effect of the hormonal treatments and no 
significant interaction on terminal body weight or change in body weight.  
GnIH immunoreactivity and cellular activation: 
          With regard to the percentage of GnIH-ir cells that expressed Fos-ir, there 
was a significant main effect of hormone treatment [F (3, 52) = 6.979, P < 0.001; 2 = 
0.225], no significant main effect of diet and there was a significant interaction of diet X 
hormone treatment [F (3, 52) = 4.649, P < 0.01; 2 = 0.15]. A post hoc test revealed that 
vehicle-treated OVX hamsters that were food restricted had a higher percentage of GnIH-
ir cells double labeled with Fos-ir compared to ad libitum-fed controls (P < 0.05) By 
contrast, food restriction-induced increases in Fos-labeled GnIH cells did not occur in 
OVX females treated with progesterone alone or with estradiol plus progesterone. Both 
ad libitum-fed and food-restricted females that were treated with estradiol alone had a 
significant increase in the percent of GnIH cellular activation compared to the ad libitum-
fed females treated with vehicle (Figure 3.9).  
115 
 
             Food restriction and hormone treatment did not have a significant effect on either 
the total GnIH-ir cells or total GnIH-ir cells with Fos-ir. There was not a significant main 
effect of diet or hormonal treatment on the total number of GnIH-ir cells and GnIH-ir 
cells double labeled with Fos-ir in OVX female hamsters (Figure 3.9). There was not a 
significant interaction of diet and treatment for either total number of GnIH-ir cells or the 
total amount of GnIH-ir cells double labeled with Fos-ir.  
                There was a significant positive correlation between the total GnIH-ir cells with 
Fos-ir and total GnIH-ir cells (r = 0.843; p < 0.0001). In addition, there was a significant 
positive correlation between total GnIH-ir cells with Fos-ir and percent GnIH-ir cells 
with Fos-ir (r = 0.498; p < 0.0001).  
Experiment 3.3: Progesterone does not Utilize Classical Genomic Action in GnIH 
Cellular Populations 
 Double labeling for GnIH-ir and PR-ir revealed that PR-ir cells were densely 
observed in the POA, VMH and ARC but were not colocalized with GnIH-ir cells at 40X 
light microscopy (n=5) (Figure 3.10).  
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Discussion for Chapter 3 
 
 
 The present study demonstrated that, 25% food restriction 1) increased cellular 
activation in GnIH-ir cells on the three non-fertile days of the estrous cycle, but not on 
the periovulatory day, 2) delayed the diestrous peak in activation of Kp-ir cells in the Arc 
3) reduced circulating leptin concentrations on all days of the cycle, and levels of leptin 
did not differ according to days of the cycle, 4) did not significantly decrease circulating 
ovarian steroids concentrations. Furthermore, food restriction-induced activation of 
GnIH-ir cells was blocked by treatment with progesterone alone or estradiol plus 
progesterone. These results support the idea that food restriction-induced effects 
inhibition of sexual motivation might be mediated by GnIH, and that levels of ovarian 
steroids dampen the effects of GnIH at the time of estrous. The fact that progesterone 
alone inhibits GnIH cellular activation and estradiol alone increases GnIH cellular 
activation (Figure 3.5) refuted my original hypothesis that estradiol was the main 
hormone that inhibits GnIH. These experiments yielded correlational evidence for the 
effects of GnIH on appetitive ingestive and sex behaviors, as well as for estrous cycle and 
exogenous steroid modulation of the activation of GnIH cells. 
  The most striking result was that food restriction increased activation of GnIH-ir 
cells during the non-fertile periods of the estrous cycle, but this effect was removed 
during the period of greatest fertility (Figure 3.5). While food restriction was sufficient 
to reduce body weight (Figure 3.3), it did not inhibit ovarian steroid secretion. Animals 
that were food restriction showed normal fluctuating serum concentrations of estradiol 
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and progesterone (Figure 3.4). These results support the idea that there is an interaction 
between ovarian hormones and mild energetic challenges, such that energetic challenges 
have an inhibitory effect on sexual motivation and a stimulatory effect on food hoarding 
only when ovarian steroid concentrations are low.  I showed that energy steroid 
interaction might also work with regard to GnIH cell activation. Food restriction only 
increases GnIH cell activation when ovarian steroids are low. Furthermore, high levels of 
estradiol and/or progesterone remove the inhibitory drive of food restriction at the time of 
highest fertility, perhaps by inhibition of GnIH cell activation. 
          My data confirms previous results that metabolic challenge increases the 
percentage of GnIH-ir cells with Fos-ir colocalization and reduced or did not change the 
total number of GnIH-ir cells (Figure 3.5) (Fraley et al., 2013; Klingerman et al., 2011b) 
A similar effect is seen on orexin-ir cells during food restriction (Lutter et al., 2008). It is 
possible that the number of GnIH cells were not detectable because they secreted their 
contents to their respective targets but did not have compensatory increases in GnIH 
synthesis.  This relationship between cell number and cellular activation could be unique 
to caloric restriction or could be an effect only seen within a subpopulation of GnIH cells. 
Future work can utilize treatments that restrict GnIH to the soma and prevent release. In 
addition, in situ hybridization or qPCR can be used to quantify the ability of energetic 
challenge to affect changes in GnIH expression. 
 My results cannot entirely rule out estradiol effects on GnIH and its role in 
inhibition of sex behavior, because I only examined effects of estradiol alone at one time 
point. In other experiments aimed at understanding the role of GnIH in control of GnRH, 
GnIH cell activation decreases at the time of the periovulatory LH surge, (Gibson et al., 
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2008; Russo et al., 2015). In this experiment, brains were collected four-five hours after 
the expected LH surge. Perhaps if we had sacrificed animals a few hours earlier, we may 
have seen this reduction in ad libitum-fed animals. Future work can in more detail the 
time frame in which sex behavior, food hoarding, and cellular activation are altered in 
food-restricted animals. By examining animals in groups representing ever hour 
surrounding the LH surge we can examine the period of time that GnIH cellular 
activation is reduced and restored in food restricted animals.  
 Surprisingly, cellular activation of Kp-ir cells was neither affected by mild 
energetic challenge or period of the estrous cycle in both AVPV (Figure 3.6) and Arc 
populations (Figure 3.7). This differs from the ability of food deprivation to reduce 
expression of Kiss1 in male (Luque et al., 2007) and in female mice (Kalamatianos et al., 
2008). There was, however, a delay in peak diestrous activation of Kp-ir cells in the Arc. 
This is consistent with the idea that the Arc Kp populations is sensitive to mild energetic 
challenge, such that caloric restriction in female rats (Roa et al., 2009) and male Siberian 
hamsters (Paul et al., 2009) reduced Kiss1 expression in the Arc. While Kp decreases 
metabolism (Tolson et al., 2014), there is some evidence suggesting that Kp does not 
mediate ingestive behavior in rats and mice (Castellano et al., 2005; Thompson et al., 
2004) and information about the effects of Kp on reproductive behavior is absent. Kp 
may mediate the effects of severe metabolic challenge on reproductive function but my 
experiments did not find compelling evidence for effects on sex and ingestive behavior in 
Syrian hamsters. This could be tested by ICV infusion of Kp to examine effects on food-
restricted females in the preference apparatus and in standard tests for lordosis. My data, 
however, did not point in this direction.  
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 Changes in responsiveness to leptin, but not changes in serum leptin 
concentration, may mediate the effects of food restriction on cellular activation of GnIH-
ir cells. Circulating levels of leptin are proportional to the amount of adipose tissue 
(Considine et al., 1996; Friedman, 2009; Halaas et al., 1997) and are greatly reduced in 
laboratory animals and humans during conditions of short-term fasting (Ahima et al., 
1996; Chan et al., 2003; Kolaczynski et al., 1996). Leptin treatment can inhibit food 
intake in the short term in obese humans and nonhuman animals, but is ineffective for the 
long term. It is thought that low leptin serves as a peripheral signal to increase food 
intake and decrease energy expenditure during metabolic challenge, but that leptin is not 
an effect signal to prevent the overconsumption of food and the development of obesity. 
As expected, serum concentrations of leptin were significantly lower in food-restricted 
compared to ad libitum-fed animals (Figure 3.4). The effects of food restriction on 
serum leptin concentrations, however, were no greater during the follicular phase than in 
the ovulatory phase of the estrous cycle. Concentrations of leptin were negatively 
correlated with the percent of GnIH-ir cells with Fos-ir, but despite the fact that leptin 
remained low during the peri-ovulatory phase, there was no food restriction-induced 
increase in GnIH cell activation. There is conflicting evidence on responsiveness of GnIH 
cells to leptin. Rizwan et. al., 2014 revealed that GnIH cells in mice and rats lack leptin 
receptor (LepRb) expression and leptin treatment does not induce pSTAT3 in these cells. 
In addition, leptin-deficient ob/ob mice do not show differences in GnIH expression or 
total number of GnIH cells compared to wild type mice (Rizwan et al., 2014).  However, 
Poling et. al., 2014 demonstrated that LepRb is co-expressed with GnIH and GnIH 
expression is reduced in ob/ob mice (Poling et al., 2014). In addition, leptin increases 
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intracellular calcium concentrations in immortalized GnIH cells (Ozcan et al., 2015). 
There is, however, ample evidence that ovarian steroids enhance leptin action. It is well 
known, for example, that low levels of estradiol and progesterone cause leptin 
insensitivity, e.g., after ovariectomy or menopause (Ainslie et al., 2001; Rocha et al., 
2004). Thus, together, these results are consistent with my new hypothesis that GnIH 
cells might be activated by low levels of leptin, and the effects of low leptin on GnIH 
might be blocked by estradiol and/or progesterone, perhaps because one or both of these 
hormones increases leptin receptor.  
 We currently do not know how food restriction stimulates activation of GnIH 
cells. Leptin and other signals, such as low levels of glucose and free fatty acid oxidation, 
might control GnIH activation indirectly via secretion of NPY. Expression of NPY is 
increased by food deprivation and ghrelin treatment, but is prevented by leptin treatment 
(reviewed by (Cone, 2005). In Syrian hamsters, NPY terminals show close apposition to 
GnIH cells (Klingerman et al., 2011b). NPY-containing cells from the Arc, DMH, or 
brain stem may promote ingestive and inhibit reproductive behavior through the 
activation of GnIH containing-cells. To determine the metabolic signal, future work can 
utilize central or peripheral treatments of leptin, ghrelin or inhibitors of metabolic fuel 
availability. If leptin treatment attenuates food restriction-induced activation of GnIH, 
reduced leptin levels during fasting or food restriction could release inhibition. In 
addition future work could utilize NPY receptor antagonists to determine if NPY 
signaling is necessary for the ability of food restriction to induce activation GnIH cells. 
Further work can utilize 2DG and MP to determine the role of the availability of 
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oxidizable glucose and free fatty acids respectively is important for mediating the effect 
of food restriction on GnIH cellular activation. 
  Another possible group of candidates for mediating the effects of food restriction 
on GnIH containing cells are the glucocorticoids (GC). Metabolic stress increases 
synthesis of GCs, which inhibits secretion of hormones of the HPG system (Handa et al., 
1994; Tilbrook and Clarke, 2006). GnIH cells are colocalized with glucocorticoid 
receptor (GR) in rats (Kirby et al., 2009) and birds (Calisi et al., 2010). Furthermore, the 
promoter region of the GnIH gene contains two GC response elements (GREs) (Son et 
al., 2014) and GC treatment increases GnIH and GPR147 expression in immortalized 
hypothalamic cells (Gojska and Belsham, 2014). This suggests GCs might have direct 
effects on GnIH action and expression. Immobilization stress increases the total number 
of GnIH cells in birds and rats (Calisi et al., 2008; Kaewwongse et al., 2011) but the 
ability of immobilization stress to increase GnIH expression is removed by 
adrenalectomy (Kirby et al., 2009). This suggests that GCs are necessary for stress 
induced expression of GnIH. In addition, stress-induced infertility is removed by  of 
GnIH knockdown (Geraghty et al., 2015), but adrenalectomy does not remove the ability 
of food deprivation to induce anestrous in Syrian hamsters (Blum and Schneider, 2003). 
This suggests that severe energetic challenge-induced inhibition of reproductive function 
is independent of glucocorticoid action. However, mild energetic challenge may control 
GnIH action and expression through GC binding. Further in future experiments, 
treatments with glucocorticoids and glucocorticoid receptor antagonists could be used to 
determine if GC is sufficient and/or necessary for the ability of food restriction to 
increase GnIH cellular activation.  
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  Estrous cycle fluctuations in GnIH activation observed in food-restricted 
hamsters were not a caused by changes in overall ovarian steroid concentrations. In 
experiment 3.1, food restriction did not reduce estradiol or progesterone concentrations 
(Figure 3.4). These measurements are consistent with previous reported values in this 
species (Saidapur and Greenwald, 1978; Shaikh, 1972). This supports the idea that 
energetic challenges, which are not sufficient to induce anestrous, change appetitive 
behaviors by modifying the sensitivity to ovarian steroids of the mechanisms that are 
responsible for controlling and coordinating these behaviors rather than changing overall 
concentrations. In Syrian hamsters, food deprivation, treatments that block oxidation of 
metabolic fuels, insulin and prolonged cold exposure decreases the number of ERα-ir 
cells within the ventromedial nucleus of the hypothalamus (VMH), which is an 
implicated in promoting reproductive behavior, but increased the number of cells in the 
medial preoptic area (mPOA), which is an area considered to inhibit reproductive 
behavior. (Early et al., 1998; Jones and Wade, 2002; Li et al., 1994; Panicker and Wade, 
1998). This work used metabolic challenges far more severe than those used in my 
experiments, but they support the idea that energetic challenges can influence behavior 
by decreasing the expression of steroid receptors. Future work can determine if 75% food 
restriction, cold ambient temperatures and wheel running modifies changes the sensitivity 
to ovarian steroids in GnIH containing cells.  
 The hypothesis that the interaction of estradiol and GnIH orchestrate behavioral 
choice under conditions of mild energetic restriction was not supported, at least not at the 
dose and time course used in my experiment. Peripheral treatment with a dose of 
estradiol that facilitates vaginal scent marking in OVX female hamsters did not attenuate 
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food restriction-induced GnIH cellular activation, but rather activated GnIH cells in ad 
libitum fed females (Figure 3.9). However, this supports the idea that GnIH mediates the 
negative feedback of estrogen on the HPG axis (Gibson et al., 2008; Kriegsfeld et al., 
2006). 
 Ovarian steroid and GnIH interactions may be important for coordinating sexual 
behaviors to the period of greatest fertility in environments where energy availability is 
unpredictable or scarce. We had predicted that GnIH activation would be closely 
associated to fluctuating concentrations of estradiol. This is because of the ability of 
estradiol to promote sexual motivation, facilitate vaginal scent marking, and reduce 
ingestive motivation. However, treatments that reduce aggression and promote sexual 
receptivity were able to attenuate food restriction induced activation of GnIH cells. It 
appears that the interactions of GnIH and progesterone, rather than estradiol, may 
coordinate sexual motivation to the period of greatest fertility. In male Japanese quails, it 
is thought that GnIH action reduces action aggression by aromatase conversion of 
testosterone to neuroestrogen (Ubuka et al., 2014; Ubuka et al., 2013; Ubuka and Tsutsui, 
2014). However, the ability and mechanism of GnIH to control aggression in the females 
have not been documented. In female Syrian hamsters, progesterone reduces aggressive 
behavior (Meisel et al., 1990; Meisel and Sterner, 1990; Payne and Swanson, 1971; 
Takahashi and Lisk, 1985a). This ability of progesterone is independent of estrogen-
inducible progesterone receptors (Fraile et al., 1987).  High levels of progesterone may be 
important for reducing aggression by reducing GnIH secretion and promote sexual 
receptivity at the time of estrous through action in the VMH.  
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 Our hypothesis that progesterone acts directly on GnIH cells through classic 
genomic actions was refuted. GnIH-ir cells were not colocalized with PR-ir, which labels 
both PRα and PRβ (Figure 3.10). We did, however, see PR-ir staining in the POA, VMH 
and Arc (Figure 3.10). This leads us to posit possible mechanisms that progesterone may 
utilize to produce an effect on GnIH cells. Progesterone may act on GnIH cells in the 
DMH indirectly through projections from one of these progesterone sensitive areas. One 
possible projection could be from NPY containing cells in the Arc. In the Syrian hamster, 
NPY cells contain PR (Sar et al., 1990; Warembourg et al., 1994) and project to GnIH 
containing cell bodies (Klingerman et al., 2011b). Another possible mechanism 
progesterone may utilize are membrane bound progesterone receptors (mPR). Future 
work could utilize BSA-conjugated progesterone to isolate the effects mPR action on 
suppressing food restriction induced activation of GnIH cells. 
 It is important to note that the activation of GnIH-ir cells is not apparent under 
typical laboratory conditions of unlimited food, housing at room temperature, and in 
isolation of conspecifics. Female Syrian hamsters that are housed singly at 22oC with 
unlimited food display low levels of food hoarding and high preference for visiting males 
on every day of the estrous cycle. By contrast, 25% food restriction significantly reverses 
the preference for spending time with males to spending time with food and increases 
food hoarding. Early in the follicular phase and in the postovulatory phases of the estrous 
cycle, food restriction-induced increases in food hoarding and decreases in male 
preference are associated with increases in activation of GnIH cells, and all of these 
effects are reversed by treatment with estradiol and progesterone (Klingerman et al., 
2010; Klingerman et al., 2011b). Thus the results from experiment 3.1 and 3.2 support 
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the idea that GnIH mediates the effects of food restriction and ovarian steroids in 
orchestrating the appetites for food and sex. While this demonstrates a clear correlation 
among GnIH activation and appetitive behaviors, this does not necessarily signify a 
causal effect. To explore this relationship, the following chapter sought to answer the 
question is GnIH sufficient and/or necessary to mediate the effects of food restriction on 
ingestive and sexual motivation. 
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Figure 3.1: A diagram of the chronology of experiment 3.1. Animals were either fed an 
ad libitum or food restriction diet for a period of 8 days. At the end of the dietary 
treatment, animals were sacrificed in groups representing every day of the hamster four 
day estrous cycle. 
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Figure 3.2: A diagram of the treatment schedule for experiment 3.2. Animals were either 
fed an ad libitum or food restriction diet for a period of 8 days before animals were 
perfused. Animals were given a S.C. injection of either vehicle or 2.5 µg of estradiol 
benzoate 48 hours before perfusion. Animals that were treated with estradiol and one 
group treated with oil were given an injection of 500 µg of progesterone 6 hours before 
perfusion. The remaining groups received a S.C. injection of either vehicle or 10 µg of 
estradiol benzoate. 
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Figure 3.3: Mean and standard error of the mean for terminal body weight (top) and 
body weight change (bottom) in female Syrian hamsters either fed ad libitum or food-
restricted to 75% of their ad libitum intake for eight days from animals in Experiment 
3.1. Food restriction significantly lowered terminal body weight and percent body weight 
change compared to ad libitum fed female hamsters at p < 05. There was not a significant 
main effect of estrous cycle day or an interaction of the main effects on either body 
weight or change in body weight. 
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Figure 3.4: Mean and standard error of the mean for serum concentrations of leptin (top) 
estradiol (bottom-left) and progesterone (bottom-right) in female Syrian hamsters either 
fed ad libitum or food-restricted to 75% of their ad libitum intake for eight days. 
Terminal blood was collected from groups representing every day of the four day estrous 
cycle. Plasma was analyzed for estradiol and progesterone by radioimmunoassay (RIA). 
Plasma was analyzed for leptin using an enzyme-linked immunosorbent assay (ELISA) 
kit. Groups indicated by * are significantly different at P < 0.05. Food restriction 
significantly lowers circulating leptin concentrations but does not affect circulating 
ovarian steroid concentrations.   
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Figure 3.5: Mean and standard error of the mean for the percent of GnIH-ir cells labeled 
with Fos-ir [(the number of double-labeled Fos-ir and GnIH-ir cells divided by the total 
number of GnIH-ir cells) multiplied by 100] total number of GnIH-ir cells (middle) and 
total number of GnIH-ir cells with Fos-ir (right) across the 4 day estrous cycle and in 
female Syrian hamsters either fed ad libitum or food-restricted to 75% of their ad libitum 
intake for eight days. Tissue was collected from groups representing every day of the four 
day estrous cycle. Fos-ir cells (green) and GnIH-ir cells in the DMH. Groups indicated by 
* significantly different from ad libitum at P < 0.05. Food Restriction significantly 
elevates the percent of GnIH-ir cells labeled with Fos-ir but this effect is absent during 
the periovulatory period of the estrous cycle. 
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Figure 3.6: Mean and standard error of the mean for the total number of Kp-ir cells (top) 
and total number of Kp-ir cells with Fos-ir (bottom-left), and percent of Kp-ir cells 
labeled with Fos-ir [(the number of double-labeled Fos-ir and Kp-ir cells divided by the 
total number of Kp-ir cells) multiplied by 100] (bottom-right across the 4 day estrous 
cycle and in the AVPV of female Syrian hamsters either fed ad libitum or food-restricted 
to 75% of their ad libitum intake for eight days. Tissue was collected from groups 
representing every day of the four day estrous cycle. There was no significant main effect 
of diet, estrous cycle day, or an interaction of the main effects at p < 0.05. 
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Figure 3.7: Mean and standard error of the mean for the total number of Kp-ir cells (top) 
and total number of Kp-ir cells with Fos-ir (bottom-left), and percent of Kp-ir cells 
labeled with Fos-ir [(the number of double-labeled Fos-ir and Kp-ir cells divided by the 
total number of Kp-ir cells) multiplied by 100] (bottom-right across the 4 day estrous 
cycle and in the Arc of female Syrian hamsters either fed ad libitum or food-restricted to 
75% of their ad libitum intake for eight days. Tissue was collected from groups 
representing every day of the four day estrous cycle. There was no significant main effect 
of diet, estrous cycle day, or an interaction of the main effects at p < 0.05. 
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Figure 3.8: Mean and standard error of the mean for (left) terminal body weight (right) 
and body weight change in female Syrian hamsters that were either fed ad libitum or 
food-restricted to 75% of their ad libitum intake for eight days and either treated with 
estradiol, progesterone, or a combination of both. Food restriction significantly lowered 
terminal body weight and percent body weight change compared to ad libitum fed female 
hamsters at p < 0.05. There was not a significant main effect of estrous cycle day or an 
interaction of the main effects on either body weight or change in body weight. 
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Figure 3.9: Mean and standard error of the mean for (left) the percent of GnIH-ir cells 
labeled with Fos-ir [(the number of double-labeled Fos-ir and GnIH-ir cells divided by 
the total number of GnIH-ir cells) multiplied by 100]  (middle) total number of GnIH-ir 
cells and (right) total number of GnIH-ir cells with Fos-ir across in female Syrian 
hamsters either fed ad libitum or food-restricted to 75% of their ad libitum intake for 
eight days and treated with either estradiol, estradiol and progesterone, or progesterone. 
Tissue was collected from groups representing every day of the four day estrous cycle. 
Fos-ir cells (green) and GnIH-ir cells(León et al.) in the DMH. Groups indicated by * 
significantly different from ad libitum at P < 0.05. Food Restriction significantly elevates 
the percent of GnIH-ir cells labeled with Fos-ir but this effect is absent during the 
periovulatory period of the estrous cycle. 
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Figure 3.10: Progesterone receptor (PR)-ir cells (green) and GnIH-ir cells in the POA, 
VMH, Arc and DMH There were many PR-ir cells within the (A+B) POA and the VMH 
and ARC. However, (C) GnIH-ir cells within the DMH were not colocalized with PR-ir.  
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Chapter 4 
 
Introduction for Chapter 4 
 The previous chapter shows that changes over the estrous cycle in appetitive 
behaviors were more closely associated with changes in GnIH cellular activation then 
with Kp cellular activation. Thus, this chapter is focused on GnIH effects on behavior.  
Hypothesis: GnIH binding to its receptor is sufficient and/or necessary for food 
restriction-induced fluctuations in food hoarding and sexual motivation across the estrous 
cycle. 
Prediction: If GnIH binding to its receptor is sufficient, ad libitum-fed females treated 
with GnIH would be predicted to increase food hoarding and/or decrease appetitive sex 
behaviors. In addition, if GnIH binding to its receptor is necessary, food-restricted 
females treated with GnIH antagonists or viral interference with GnIH transcription 
would be predicted to decrease food hoarding and/or increase sexual motivation.  
Brief Overview of Methods: Using a specialized hoarding apparatus described in the 
general methods (Buckley and Schneider, 2003), we were able to continuously measure 
the effects of GnIH ICV infusion (experiment 4.1) or IP injection (experiment 4.2) on 
hoarding and food intake. To confirm that GnIH reduces sexual motivation but not sexual 
performance, vaginal scent marking and lordosis were examined in specialized sex tests. 
To determine whether elevated brain levels of GnIH are sufficient for food restriction 
increases in food hoarding or decreases in sexual motivation, in experiment 4.3 I used the 
choice apparatus to measure ingestive and sex behavior in females that were either food 
restricted or fed ad libitum and received chronic ICV infusions of saline or GnIH at a rate 
137 
 
that disrupts sexual motivation (Piekarski et al., 2013). To determine whether GnIH 
action is necessary for the ability of food restriction to change ingestive and sexual 
priorities, I first examined the effects of the GnIH receptor antagonist, RF9, to block the 
action of GnIH. In experiment 4.4, I infused RF9 and measured plasma LH, which is 
inhibited by GnIH. The results of these experiments did not confirm a significant 
stimulatory effect of RF9 on LH secretion, and thus, in experiment 4.5, I utilized RNA 
inference using GnIH-shRNA injected in the DMH to test the hypothesis that GnIH is 
necessary for food restriction-induced changes in ingestive and sexual priorities. The 
viral construct had a tet-off configuration that would allow the release of GnIH 
knockdown in the presence of doxycycline.  
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Methods for Chapter 4 
 
Experiment 4.1: Continuous Infusion of GnIH Ingestive but not Sexual Motivation 
 
 This experiment was designed to test the prediction that continuous ICV infusion 
of GnIH increases appetitive ingestive behaviors and reduces appetitive sexual behaviors 
in ad libitum-fed female Syrian hamsters. The dose and treatment of GnIH were selected 
on their ability to increase food intake (Clarke et al., 2012) and decrease sex behavior in 
rats (Johnson et al., 2007).  In ad libitum-fed females, I predicted that ICV infusion with 
GnIH would increase food hoarding and the time spent with food, and decrease the time 
spent with males and the amount of vaginal scent marking. Our hypothesis would be 
partially or fully refuted, if continuous ICV infusion of GnIH had no effect on food 
hoarding or these other behaviors. In addition, our hypothesis would be refuted if 
continuous infusion of GnIH is able to affect the consummatory behaviors of food intake 
and lordosis duration. 
Acclimation, training, and baseline testing: 
 All females were acclimated to their home cages and trained in the preference 
apparatus as described in the General Methods. Baseline testing began on the following 
postovulatory period. Animals were allowed access to the hoarding apparatus at the onset 
of the dark photoperiod. Infusion of GnIH immediately increases food intake in rats 
(Clarke et al., 2012). To investigate if there a similar effect on hoarding and food intake 
in the Syrian hamster by continuous ICV infusion of GnIH, hoarding and food intake 
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were measured 2, 4, 8, 24, and 48 hours after access to the food and male. Chow pellets 
were weighed in the food cage and home cage. The weight of the food found in the home 
cage was considered to be the total amount of food hoarded during the time point. The 
difference between the weight of food provided and the total weights of the food found in 
the food source box and the home cage at the end of the 90-minute testing period was 
used as the amount of food consumed during testing.  
 On the following follicular 2 phase of the estrous cycle, baseline behavior was 
collected in the sex chamber. Animals were placed in the apparatus for a period of 15 
minutes. The total number of vaginal scent marks, flank marks, and olfactory 
investigations were quantified by an observer, and the hamster remained in the apparatus 
for another 75 minutes, after which food from all of the different compartments was 
weighed and the weight recorded.  
Preparation of Osmotic Pump and Cannulae: 
 Using a strong adhesive, one depth-adjustment spacer, which measures at 0.5 mm, 
was attached to the base of the cannula (Plastics One, Roanoke, VA). This adjustment 
was prepared to prevent space between the apparatus and the skull. A 2 cm section of 
polyethylene-50 clear plastic tubing (Alzet, Cupertino, CA) was prepared for the 
connection between the cannula and the osmotic minipump (Alzet, Cupertino, CA: 
Model 1001), which allowed continuous infusion for a period of 3 days. The distance was 
determined to allow the osmotic pump to rest between the shoulder blades of the female 
hamster, but to also not to inhibit the movement of the head and the neck. Using a strong 
adhesive, the tubing was attached to the cannula and the other was attached to the flow 
modulator. Careful consideration of placement ensured that the passage through the tube 
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and cannula was not blocked. Using a small syringe, the osmotic pump, the flow 
modulator, and catheter were filled with either 0.9% saline or GnIH. The osmotic pumps 
were filled with a concentration of GnIH to produce an infusion rate of 2 µg/hr. This dose 
and treatment was selected based on its ability to increase food intake in rats (Clarke et 
al., 2012). Cannula were soaked in an aqueous solution of 70% ethanol and then 
incubated in a 0.9% sterile saline solution at 37ºC for a period of 4-6 hours before surgery 
to prime the osmotic pumps. This prepares the micro-osmotic pump for immediate action. 
Surgery: 
Prior to cannulation surgery, hamsters were given Metacam, the nonsteroidal 
postoperative analgesic and were anesthetized with sodium pentobarbital (200 mg/kg of 
body weight) and placed in a stereotaxic apparatus (David Kopf Instruments, Tujanga, 
CA). Cannulae were aimed at the following coordinates: 1.1 mm anterior to bregma, 1.0 
mm lateral to the midline, and 4.0 mm below bregma.  Cannulae were permanently fixed 
with dental cement (Stoelting, Wood Dale, IL) and 3 screws. A small incision was made 
between the shoulder blades and the cannula was secured subcutaneously. A surgical 
staple was used to close the incision.  
Testing: 
 Animals were allowed a day recovery period and were tested the following day 
similar to baseline testing. Animals were allowed access to the hoarding apparatus during 
the onset of the dark phase of the photoperiod and had their hoarding and food intake 
measured 2, 4, 8, 24, 48 hours later. At the 24-hour time point, females were removed 
from the hoarding apparatus and were testing in the sex chamber where they were 
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allowed to interact with a restrained male for 15 minutes. After the testing period, 
subjects were returned to the hoarding apparatus.  
 At the end of the behavioral testing, animals were deeply anesthetized with an 
overdose of sodium pentobarbital (200 mg/kg of body weight) at the onset of the dark 
cycle. Approximately 3 mL of blood was collected with a heparinized needle by a cardiac 
puncture. The blood was immediately centrifuged at 4⁰ C for a period of 20 minutes and 
the plasma collected and stored at -20⁰ C. 
 After blood collection, animals were perfused by intracardiac infusion of 4% 
paraformaldehyde. First, room temperature 0.9% saline was used to flush the circulatory 
system through an intracardiac infusion. Using the same infusion site, 4% 
paraformaldehyde in PBS was used to fix the tissue. Brains were carefully removed and 
postfixed in 4% paraformaldehyde for 3 hours at 4⁰C and cryoprotected in 30% sucrose 
for 3 days. Brain tissue was section and mounted on gelatin-coated slides. After allowing 
them to dry overnight, sections were stained with cresyl violet to confirm cannula 
placement. 
Luteinizing Hormone Assay 
 To examine the effect of GnIH on LH secretion, blood plasma was analyzed for 
LH using the rat LH sandwich assay with monoclonal antibodies against bovine LH and 
the human LH-beta subunit (sensitivity of 0.07 ng.ml).  The assay was performed by the 
University of Virginia Center for Research in Reproduction Ligand Assay and Analysis 
Core (Charlottesville, VA). 
Experiment 4.2: Systemic Injections of GnIH do not Change Ingestive and Sexual 
Motivation 
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 To test the hypothesis that systemic GnIH increases ingestive behavior and 
decreases sexual motivation, female Syrian hamsters were treated with an acute systemic 
injection of GnIH or 0.9%saline. This is a dose and treatment of GnIH that decreases LH 
secretion in female hamsters (Kriegsfeld et al., 2006). When given the choice between 
food and sex, this is a dose and treatment that reduced vaginal scent marking compared to 
baseline levels (Klingerman and Schneider unpublished data). In this experiment, the 
effects of GnIH on ingestive and sexual motivation were accessed separate from one 
another. In ad libitum fed females, I predicted that systemic injection with GnIH would 
increase hoarding and decrease vaginal scent marking. Our hypothesis would be partially 
or fully refuted, if continuous systemic injection with GnIH had no significant affect on 
hoarding and/or vaginal scent marking.  
Acclimation, training, baseline testing, testing: 
 Female hamsters were acclimated and trained in the hoarding apparatus and sex 
chamber as previously described in the General Methods.  A notable difference is that 
hoarding and food intake were measured 1, 2, 4, 8, and 20 hours after subjects were 
granted access to the apparatus. After baseline testing, females were randomly divided 
into 2 treatment groups that did not differ significantly in body weight. On the following 
postovulatory period of the estrous cycle, female Syrian hamsters were treated with a 0.5 
mL intraperitoneal (I.P.) injection of 0.9% saline or 600 ng of GnIH 30 minutes before 
testing. This acute dose of GnIH was selected for its ability to suppress LH secretion in 
female Syrian hamsters (Kriegsfeld et al., 2006). Similar to the procedures followed 
during baseline testing, hoarding was measured at 1, 2, 4, 8, and 20 hours after subjects 
were granted access to the apparatus. The following follicular 2 phase of the cycle, 
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subjects were given an additional 0.5 mL SC injection of 0.9% saline or 600 ng of GnIH 
30 minutes before the sex test. Similar to the procedures followed during baseline testing, 
females were allowed access to a restrained male for 15 minutes. To measure the effect of 
GnIH on LH secretion, animals were given another 0.5 mL S.C. injection of 0.9% saline 
or 600 ng of GnIH the following day. Injections were given 4.5 hours before the onset of 
the dark photoperiod. This is the period of time when LH concentrations peak in the 
Syrian hamster (Gibson et al., 2008). Thirty minutes after injection, subjects were 
anesthetized with isoflurane and 1 mL of blood was collected via a cardiac puncture. 
Hamsters were euthanized with sodium pentobarbital (200 mg/kg of body weight).  
Plasma was collected after blood was centrifuged in 4⁰C for 20 minutes @ 3000. 
Experiment 4.3: Continuous ICV infusion of GnIH mimics food restriction-induced 
changes in ingestive and sexual motivation 
 I hypothesized that GnIH binding to its receptor is sufficient for food restriction-
induced fluctuations in food hoarding and sexual motivation across the estrous cycle. To 
test this, animals received either chronic central infused with either saline or GnIH, but 
were either fed ad libitum or food restricted diet. If GnIH binding to its receptor is 
sufficient, ad libitum-fed females treated with GnIH would be predicted to increase food 
hoarding and/or decreases appetitve sex behaviors.  
Experimental design and procedures 
 Female hamsters were acclimated and trained in the hoarding apparatus and sex 
chamber as previously described in the General Methods.  The timeline of the training 
period, baseline testing, surgery/treatment, and experimental testing is outline in Figure 
4A. The postovulatory period is referred to as cycle day 1, the follicular 1 and 2 period is 
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referred to as cycle day 2 and 3 respectively, and the periovulatory is referred to as cycle 
day 4. Access to only the food source was allowed on the first two days of the estrous 
cycle and access to only the male containing cage was allowed on the remaining days of 
the cycle (day 3 and day 4). The following two days, animals were allowed access to both 
male and food compartments.  
 Animals were tested for baseline behavior in the choice apparatus and the 
hoarding apparatus. Two days later animals were tested within the hoarding apparatus 
during the postovulatory phase of the estrous cycle. Previous work has demonstrated that 
the effects of food restriction on hoarding are highest during this this period (Klingerman 
et al., 2010). At the onset of the dark phase of the photoperiod, animals were allowed 
access to only the food compartment. Ingestive behaviors were measured 90 minutes and 
24 hours after access was allowed. After behavioral baseline testing, entrance to the 
choice/hoarding apparatus was blocked until animals are ready for experimental testing.  
 All animals were implanted with cannulae (Plastics One, Roanoke, VA) aimed at 
their lateral ventricle two days after baseline testing. The osmotic pump (Alzet, 
Cupertino, CA: Model 2002), which was implanted subcutaneously in the scapular 
region, is connected to the cannula by 2 cm of polyethylene 50 clear plastic tubing (Alzet, 
Cupertino, CA) and allows for continuous infusion for a period of 14 days. Using a 
specialized filling tube, the osmotic pump, flow modulator and catheter tubing were filled 
with either 0.9% saline, or a concentration of GnIH (Rat RFamide-related peptide; 
ANMEAGTMSHFPSLPQRF; (Ukena et al., 2002)) that allowed us to deliver 50 ng/hr 
resulting in 600 ng/day. This treatment was found to inhibit reproductive behavior but not 
reduce periovulatory concentrations of LH in this species (Piekarski et al., 2013). To 
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prevent contamination, the cannulae were soaked in an aqueous solution of 70% ethanol 
and then incubated in a 0.9% sterile saline solution at 37ºC for a period of 4-6 hours 
before surgery to prime the osmotic pumps. Prior to cannulation surgery, hamsters were 
given Metacam, the nonsteroidal postoperative analgesic, and were anesthetized with 
isoflurane vapors and placed in a stereotaxic apparatus (David Kopf Instruments, 
Tujanga, CA).  Cannulae were aimed at the following coordinates: 1.1 mm anterior to 
bregma, 1.0 mm lateral to the midline, and 4.0 mm below bregma.  Cannulas were 
permanently fixed with dental cement (Stoelting, Wood Dale, IL) and 3 screws.  
Three days after surgeries, animals were further divided into groups (n=8/group) that 
were either fed ad libitum or food restricted as previously described. Subjects received 
this diet for 8 days. As previously described, estrous cycles were examined during the 
duration of the experiment. After the 8th day of restriction, female hamsters were tested in 
the choice apparatus during Day 3 of the estrous cycle as previous described. After 
testing, the amount of food consumed during the testing period was substracted from their 
daily ration and food restriction continued until the hoard test two days later.  
 At the end of the testing period, animals were treated with an overdose of sodium 
pentobarbital (200 mg/kg of body weight). Cannula placement was tested by an ICV 
injection of 0.1 µL of fluorescent retrobeads (Lumafluor, Durham, NC). Brains were 
sectioned and examined for fluorescent labeling within the ventricular system. Those 
without fluorescent label were removed from the experiment. Uterus and white adipose 
tissue (WAT) were weighted to the nearest 0.001 g. WAT pads examined were the 
subcutaneous (femoral) pad, parametrial (gonadal) pad, and visceral (omental and 
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mesenteric) pads. Osmotic pumps were extracted and tested for infusion rate by 
examining pump volume displacement.  
Experiment 4.4: RF9 does not reduce circulating LH secretion in the female Syrian 
hamster 
 This experiment was conducted to determine whether RF9 is a useful compound 
for blocking GnIH action in the Syrian hamster. If so, it would be expected that ICV 
treatment with RF9 would block the inhibitory effects of GnIH on gonadotropin secretion 
in Syrian hamsters, and thereby stimulate LH secretion. Our hypothesis would be refuted, 
if RF9 treatment failed to increase circulating concentrations of LH.  
Cannulation Surgery: 
 Prior to cannulation surgery, hamsters were anesthetized with sodium 
pentobarbital (0.36 mL/0.1kg of body weight) and given Metacam, the nonsteroidal 
postoperative analgesic, and placed in a stereotaxic apparatus.  Animals were shaved and 
scrubbed at the incision site with 70% ethanol, surgical scrub (iodine), and again with 
70% ethanol.  An incision was made directly over the skull and the skull was exposed. 
Using a dental burr a small hole was drilled through the skull at 1.1 mm anterior to 
bregma and 1.0 mm lateral to the midline.  A 3.5 mm long, 23 gauge outer cannula will 
be lowered into the lateral ventricle using stereotaxic coordinates as guides and 
permanently fixed with dental acrylic (Keta-cement) to jeweler’s screws. Animals were 
allowed a week recovery period. For drug treatment through the cannulae, the injector 
was a 30 gauge stainless steel needle with a 0.5 mm projection from the guide that was 
connected to a Hamilton syringe connected to the injector by polyethylene tubing.   
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 Animals received their treatment 2-3 hours after the onset of the light photoperiod 
during the postovulatory period of the hamsters 4 day estrous cycle. Animals were split 
into groups that did not differ significantly in body weight and treated with either10µL of 
0.9% saline, 20nmol of RF9, or 40 nmol of RF9. These doses of RF9 were selected for 
their ability to stimulate LH secretion in rats and mice within 30 minutes (Pineda et al., 
2010b). In addition, this period of time was selected because circulating concentrations of 
LH are at their nadir in the hamster. Using this to our advantage, we can an easily detect 
differences the ability of RF9 to stimulate LH secretion. 
 Thirty minutes after treatment, blood was collected and serum extracted. Animals 
were anesthetized with isoflurane and approximately 2 mL of blood was be collected 
with a non-heparinized needle by a cardiac puncture. Blood was transferred to a non-
treated collection tube and allowed to sit at room temperature for a period of 90 minutes. 
Samples were then centrifuged at room temperature for a period of 15 minutes at 2000 x 
g. Serum was collected and stored at -20⁰ C. Serum was assayed for LH by sandwich 
immunoradiometic assay (IRMA) by the University of Virginia for Research in 
Reproduction Ligand Assay and Analysis Core (Charlottesville, VA, USA). 
Placement of the cannula in the lateral ventricle will be assessed at the end of the 
experiment by a 1 µl injection with fluorescent retrobeads (Lumaflour; Durham, NC). 
Animals that did not show fluorescent labeling within the ventricular system were 
considered to have unsuccessful surgeries and were removed from the experiment. In 
addition, to the labeling the cannula tract was also examined. Due to surgical misses, the 
following were the groups sizes: Saline 0.9% n=7, RF9 20nmol n=8, and RF9 40nmol 
n=7.  
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Experiment 4.5: Utilizing GnIH-shRNA to determine that GnIH is necessary for 
estrous cycle fluctuations of ingestive and sexual motivation in food restricted 
female Syrian hamsters 
 GnIH binding to its receptor is necessary for food restriction-induced fluctuations 
in food hoarding and sexual motivation across the estrous cycle. Since we were unable to 
utilize the receptor antagonist RF9, GnIH-shRNA with a TET-off configuration was used 
to test if this hypothesis. I predicted that, in GnIH-shRNA female hamsters, the ability of 
food restriction to induced changes in ingestive and sexual motivation across the estrous 
cycle would be removed and that the rescue of GnIH expression with doxycycline would 
return the ability of food restriction to affect behavior. Our hypothesis would be refuted, 
if we were unable to infection of GnIH-shRNA is unable to prevent food restriction-
induced changes in ingestive and sexual motivation across the estrous cycle or if 
treatment with doxycycline is unable to rescue food restriction-induced changes in 
ingestive and sexual behavior. 
 Adult, female Syrian hamsters were purchased from Charles River Breeding 
Laboratory (Wilmington, MA, USA). Animals were fed Harlan Rodent Chow 2016 ad 
libitum, unless otherwise noted and water were available ad libitum. Subjects were 
housed in a room maintained at 22 ± 1 °C with a 14:10 light-dark cycle (lights on at 
2200h). All procedures were conducted according to the guiding principle for research 
published by the National Institute of Health, enforced by the United States Department 
of Agriculture, and a protocol approved by the University of California: Berkeley 
Institutional Animal Care and use Committee.  
Virus Preparation: 
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 The GnIH-shRNA was generated and donated from the Kriegsfeld lab and 
previously effective and suppressing GnIH expression in the rat (Geraghty et al., 2015). 
The viral vector pLenZs-tetOFF-BFP-shRNAmir-HygR was redesigned based on the 
backbone of pGIPZ vector originally from Open Biosystems to implement the new 
features and better single restriction enzyme cutting sites for molecular cloning. Briefly, 
PCR products for tetOFF and its response elements (TetOff Gene Expression System 
from Clontech, Mountain View, CA), tagBFP (pTagBFP-H2B vector from Evrogen, 
Farmingdale, NY), and a hygromycin-resistant gene (pSilencer-hygro vector from 
Ambion, Grand Island, NY) were inserted in to the original pGIPZ vector to replace the 
unwanted components (e.g., original fluorescent protein and the puromycin resistant 
gene). To construct the shRNA against RFRP, a 22 nucleotide-mer oligo against RFRP 
gene was designed using the online program maintained by Dr. Ravi Sachidanandam's 
Lab (http://katahdin.mssm.edu/siRNA/RNAi.cgi?type=shRNA). The oligo was inserted 
into the linearized pLenZs-tetOFF-BFP-shRNAmir-HygR vector using KpnI and EcoRI 
enzymes after adding enzyme arms on both sides of the oligo using PCR. Lentiviral 
particles were prepared by PEG-2000 purification of transfected Hek-293 cells and 
concentrated to titers of 109 –1010 infectious particles per ml. The control virus was a 
non-silence vector commercially available from Open Biosystems (Lafayette, CO), with 
similar GC content and BLASTed to verify non-specificity [RFRP sequence: 
CACAGCAAAGAAGGTGACGGAA] [Control sequence: 
CTCTCGCTTGGGCGAGAGTAAG]. Methods detailed in (Geraghty et al., 2015). 
Stereotaxic Surgery: 
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 At least two weeks before behavioral testing, twenty female hamsters were given 
bilateral stereotaxic microinjections of the GnIH-shRNA directed at the DMH. 
Coordinates for viral injection were: 0.5 mm posterior to bregma, 0.4 mm lateral to the 
midline, and 8.0 mm below the surface of the brain. 1.8 µL of GnIH-shRNA was injected 
at a rate of 0.09µl/min for 20 min.  
Immunohistochemical Staining for Virus Verification 
 Brains were sectioned using an E505 Microm cryostat.  Tissue was washed in a 
0.1M phosphate buffered saline (PBS) solution and then incubated with a 0.55% 
hydrogen peroxide (H2O2).  Tissue was subsequently incubated in a normal donkey 
serum (1:66 Jackson ImmunoResearch Laboratories, West grove, PA, USA) suspended in 
0.1% Triton-X100 (PBT) for a period of 1 hour at room temperature. The primary 
antibody is specifically directed against GnIH of the Syrian hamster and does not show 
cross reactivity with other RFamides (Gibson et al., 2008). The sections were incubated 
in GnIH antiserum (1:16000 PAC1365) for a period of 48 hours at 4⁰C. To amplify GnIH 
signaling, tissue was washed in phosphate buffered saline with Triton-X (0.1%) (PBT) 
before it was incubated for 1 hour with biotinylated goat anti-rabbit (1:300 Vector 
Laboratories; Burlingame, CA, USA) at room temperature. Afterwards, sections were 
allowed a 1 hour incubation period with advidin-biotin-horseradish peroxidase complex 
(Vector Laboratories) and then subjected to a 0.6% biotinylated tyramide solution for 
exactly 30 minutes at room temperature. The following steps were performed with as 
little contact with light as possible because of the use of fluorophores. Cy-2 Conjugated 
Streptavidin (1:200 Jackson Immunoresearch Laboratories) was used to label cells 
containing GnIH for a period of 1 hour at room temperature. After incubation, tissue was 
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allowed to incubate in a PBT solution with an antibody against blue-fluorescent protein 
(anti-BFP; 1:5000, Abcam, Cambridge, MA) at room temperature overnight. The sections 
were then mounted on gelatin coated slides and allowed to dry overnight. Slides were 
coverslipped using a dehydration and clarification protocol using ethanol and xylene. 
 Through the use of light microscopy, sections were examined using a Nikon 
Eclipse E800 microscope. Areas of the DMH containing GnIH-ir and the blue-fluorescent 
protein were digitally captured by a Diagnostic Instruments 7.2 Color Mosaic digital 
camera.  
Treatment and Experimental Behavior Testing: 
 Four days after the start of treatment, animals began their restricted diet (75% of 
their average food intake) for 8 days. They were tested within the choice apparatus for a 
period of four days. The restriction diet continued throughout the testing, such that food 
consumed during the testing period was removed from their daily food ration.  
 At the cessation of testing, animals all animals were treated with 1% saccharine 
water and fed an ad libitum diet for 6 days. Two days into ad libitum feeding, animals 
that were not previously treated with doxycycline were given water with doxycycline and 
1% saccharine. This allowed each animal to act as their own control and reduced the 
number of animals needed to work with. Once again, female hamsters started their 
restricted diet for 8 days after the period of ad libitum feeding and were tested within the 
choice apparatus for a period of four days. Experimental procedures outline in Figure 
4.1. 
 After testing, animals were given an ad libitum diet and all animals receiving 
doxycycline treated water were changed to the control water for a period of 2 weeks. All 
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females were then given doxycycline treated water for a period of 12 days and tested for 
were tested in the choice apparatus every day of their estrous cycle. 
 After testing, animals were given an ad libitum diet and all animals receiving 
doxycycline treated water were changed to the control water. After a week, brains were 
removed and expression of GnIH was compared to animals that did not receive GnIH-
shRNA infection. This was to determine the success and effectiveness of the GnIH-
shRNA in suppressing GnIH expression. Animals that did not exhibit significant 
reductions in GnIH expression were removed from the experiment.  
Statistics: 
 In experiment 4.1 and 4.2, hoarding and food intake were analyzed using a one-
way ANOVA with repeated measures. Raw food hoarding scores were transformed to the 
natural log of the raw score + 1, so that the data would meet the assumption of 
homoskedasticity The hormonal, sex behavior and body condition data were analyzed 
using a student’s T-test. Differences that had a p-value that less than 0.05 were 
considered to be significant. The effect sizes were analyzed using Cohen's d. 
 In experiment 4.3, data was analyzed using a two-factor ANOVA on behavioral 
data collected during the choice test and WAT pad mass. Behavioral data scores were 
transformed to the natural log of raw score + 1, so that data would meet the assumption of 
homoscedasticity. Male preference was calculated as ((the time spent with males minus 
the time spent with food) divided by the total time). A mixed ANOVA (diet x treatment x 
time) with repeated measure on time was conducted to analyze differences in behavior 
collected during the hoarding test. If there was an interaction of all three factors, a two-
way ANOVA (diet x time) was performed at both time points. A one-way ANOVA with 
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repeated measures was used to examine treatment effects on body weight and food 
intake. When a difference existed, a Tukey’s post hoc comparison was conducted. If 
equal variance was not assumed, a Games-Howell post hoc comparison was performed 
(Morgan et al., 2012).  Differences that had a p-value that were less than 0.05 were 
considered to be significant.  
 In experiment 4.4, data was analyzed using a one-factor ANOVA to detect the 
differences in hormonal concentrations. Differences that have a P-value that is less than 
0.05 were considered to be significant.  
 In experiment 4.5, animals that had less than two hundred GnIH-ir cells were 
removed from the experiment. A students T-test was conducted to determine that GnIH-
shRNA reduced the total number of GnIH-ir cells compared to sham surgery controls. 
Behavioral data was analyzed using a two-factor ANOVA with repeated measures to 
examine the differences of food restricted animals treated with doxycycline or vehicle. 
Behavioral data that did not meet the assumption of homoscedasticity were transformed 
to the natural log of raw score +1. Average food intake and body weight were analyzed 
using a two-way ANOVA and differences in body weight and food intake throughout the 
duration of testing were examined using a two-way ANOVA with repeated measures. 
When a difference existed, a Tuckey’s post hoc comparison was performed. Differences 
that had a p-value that were less than 0.05 were considered to be significant.  
 For all of the experiments, the effect sizes were calculated using eta-squared ( 2) 
and the Person’s correlation coefficient (r) are shown for correlations existing between 
two measured variables.   
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Results for Chapter 4: 
 
Experiment 4.1: Continuous Infusion of GnIH Ingestive but not Sexual Motivation 
Body Weight: 
 There was no change in body weight between animals that were infused for three 
days with GnIH or Saline. A student’s T-test showed that there was no effect of treatment 
on body weight one day [T (1, 17) = -0.551, p > 0.05; d = 1.102], two days [T (1, 17) = -
0.256, p < 0.05; d = 0.512], or three days after infusion [T (1, 17) = -0.209, p > 0.05; d = 
0.418].  There was no effect of treatment on uterine weight [T (1, 17) = -1.089, p > 0.05; 
d = 2.178] and visceral fat pad weight [T (1, 17) = -0.465, p < 0.05; d = 0.93] (Table 
4.1). 
Ingestive Behaviors 
 A one-way ANOVA with repeated measures was used to examine differences in 
food intake and hoarding between animals infused with saline or GnIH at each time 
point. A hoarding ratio was also calculated for individuals (Experimental Hoarding / (1 + 
Baseline Hoarding).  There was significant main effect of GnIH infusion on increasing 
cumulative hoard ratio [F (1, 17) = 7.152, p < 0.05]. GnIH significantly increased 
hoarding at 8 hours [T (1, 17) = 2.126, p < 0.05], 24 hours [T (1, 17) = 2.520, p < 0.01], 
and 48 hours [T (1, 17) = 3.066, p < 0.01] (Figure 4.2). In addition, there was not a 
significant main effect of GnIH on food intake [F (1, 17) = 0.852, p > 0.05] (Figure 4.2).   
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Reproductive Behavior 
 A student’s T-test was used to examine differences in reproductive behaviors 
during the follicular 2 and periovulatory period sex test. During the follicular 2 period of 
the estrous cycle there was no significant effect of GnIH infusion on vaginal scent 
marking [T (1, 17) = 0.264, p > 0.05; d = 0.528] (Figure 4.3), flank marking [T (1, 17) = 
0.0, p > 0.05; d = 0], or grooming [T (1, 17) = -1.365, p > 0.05;  2 = 2.73]. During the 
periovulatory period of the estrous cycle there no effect of GnIH infusion on the 
consummatory reproductive behaviors of pre-lordosis [T (1, 17) = 0.720, p > 0.05; d = 
1.44] or lordosis [T (1, 17) = 0.286, p > 0.05;  2 = 0.572] (Figure 4.3). 
Luteinizing Hormone 
 A student’s T-test revealed that there was not a significant effect of GnIH infusion 
on LH secretion [T (1, 17) = 0.262, p > 0.05; d  = 0.524] (Figure 4.4).  
Experiment 4.2: Systemic Injections of GnIH do not Change Ingestive and Sexual 
Motivation 
Ingestive Behaviors 
 A one-way ANOVA with repeated measures was used to examine differences in 
food intake and hoarding between animals given an IP injection with saline or GnIH at 
each time point. There was not a significant main effect of peripheral GnIH treatment on 
hoarding [F (1, 17) = 2.133, p > 0.05]. (Figure 4.5). In addition, there was not a 
significant main effect of GnIH on food intake [F (1, 17) = 0.852, p > 0.05] (Figure 4.5).   
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Reproductive Behavior 
 A student’s T-test was used to examine differences in reproductive behaviors 
during the sex test. During the follicular 2 period of the estrous cycle there was no 
significant effect of GnIH IP injection on vaginal scent marking [T (1, 14) = 1.453, p > 
0.05; d  = 2.906] or flank marking [T (1, 14) = 0.000, p > 0.05; d  = 0] (Figure 4.6).  
Luteinizing Hormone 
 A student’s T-test revealed that there was not a significant effect of GnIH infusion 
on LH secretion [T (1, 17) = 0.275, p > 0.05; d = 0.55] (Figure 4.4).  
Experiment 4.3: Continuous ICV infusion of GnIH mimics food restriction-induced 
changes in ingestive and sexual motivation 
Choice Test: Reproductive behavior during GnIH infusion and food restriction 
 Similar to the effects induced by food restriction, infusion of GnIH reduced male 
preference. A two-way ANOVA showed that there was not a significant main effect of 
either diet or infusion treatment on the preference to spend time with a male over food 
but there was a significant interaction of diet and treatment [F (3, 23) = 4.628, p < 0.05; 
2 = 0.145]. A post-hoc test revealed that female hamsters that were fed ad libitum/GnIH 
treated and food restricted/saline treated demonstrated a significant reduction in male 
preference compared to ad libitum fed controls (Figure 4.7). Male preference was 
negatively correlated with body condition. There was a positive correlation to change in 
body weight at the time of testing (r = 0.443; p < 0.05) and weight of the subcutaneous 
WAT pad (r = 0.467; p < 0.05), but not to any of the other WAT pads examined. There 
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was not a significant main effect of either diet or treatment on the amount of time spent in 
the food compartment; however, there was a significant interaction of the main effects [F 
(3, 23) = 5.108, p < 0.05;  2 = 0.163]. A post-hoc test revealed that animals that were 
either ad libitum fed/GnIH treated or food restricted/saline treated spent significantly 
more time in the food compartment than control females that were ad libitum fed and 
treated with saline (Figure 4.7). There was a significant main effect of diet on the time 
spent in the male chamber [F (1, 25) = 4.998, p < 0.05; 2 = 0.155], such that animals that 
were food restricted had spent significantly less time in the male chamber, and a close 
interaction of the main effects [F (3,24) = 3.788, p = 0.064; 2 = 0.117] (Figure 4.7). 
Total number of vaginal scent markings or flank marking was not affected by 
either food restriction or GnIH treatment. There was not a significant main effect of diet, 
infusion treatment or a significant interaction of these main effects on the total number of 
vaginal scent markings or flank marking. (Table 4.2); however, the total number of 
vaginal scent marks during the testing period was positively correlated with male 
preference (r = 0.474; p < 0.012).   
There was not a significant effect of diet or treatment on the time spent grooming, 
biting the male barrier, and anogenital investigations. There was a significant interaction 
of the main effects for digging [F (3, 24) = 5.495, p < 0.05;  2 = 0.183] and a close 
interaction for anogenital investigations [F (3, 24) = 4.043, p = 0.056;  2 = 0.585] (Table 
4.2). 
Choice Test: Ingestive behavior during GnIH infusion and food restriction 
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 A two-way ANOVA revealed that there was a significant main effect of diet on 
the total weight of food pellets hoarded during the choice test [F (1, 26) = 20.066, p < 
0.001;  2 = 0.145] (Figure 4.8), such that animals that were fed a food restricted diet had 
greater food hoards. There was not a significant main effect of infusion treatment or an 
interaction of the main effects on weight of food hoarded. Furthermore, there was not a 
significant main effect of diet, infusion treatment or a significant interaction of these 
main effects on food intake (Figure 4.8), time spent hoarding, or time spent eating during 
the testing period (Table 4.2).  
 The amount of hoarding during the choice test was associated with changes in 
body condition. The change in body weight at testing and the weights of the visceral and 
subcutaneous WAT pads were positively correlated with the total amount of food 
hoarded (r = 0.437, 0.386, 0.386; p < 0.05, body weight change, visceral WAT, and 
subcutaneous WAT, respectively).  
Hoarding Test: Ingestive behavior during GnIH infusion and food restriction 
 A mixed ANOVA showed that there was a significant within-subjects interaction 
of time with diet [F (1, 26) = 29.434, p < 0.001; 2 = 0.441], treatment [F (3, 24) = 5.325, 
p < 0.05; 2 = 0.08] and both, diet and treatment, [F (3, 24) = 5.092, p < 0.05;  2 = 0.076] 
on the total weight of food pellets hoarded during the hoard test. There was a significant 
between-subjects effect of diet [F (3, 24) = 16.876, p < 0.001; 2 = 0.388] but there was 
not a significant main effect of treatment or an interaction. A two-way ANOVA revealed 
that there was a significant main effect of diet [F (1,26) = 16.876, p < 0.001,  2 = 0.388] 
and treatment[F (3,24) = 4.456, p < 0.05, 2 = 0.083] on total weight of hoard during the 
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first 90 minutes of testing (Figure 4.9), but this difference was removed during the 90 
minute to 24 hour time point (Figure 4.9).  
 The amount of food hoarded was associated with changes in body condition. The 
change in body weight at the time of testing was negatively correlated with hoarding (r = 
-0.626, -0.511; p < 0.001, 0.01, hoarding at 90 minutes and 24 hours respectively). 
Hoarding at 90 minutes was negatively correlated with WAT weight (r = -0.453, -0.525, -
0.614; p < 0.05, 0.01, 0.01; visceral, perimetrial, and subcutaneous WAT pads, 
respectively) and uterine weight (r = -0.385; p < 0.05). 
Food intake, body weight, WAT pads and uterine weight: 
 Animals that were ad libitum fed generally gained weight during treatment 
regardless of infusion treatment. A one-way repeated measure ANOVA showed that 
GnIH did not significant effect changes in ad libitum fed animals over the treatment 
course. In addition, GnIH infusion did not increase food intake of ad libitum fed animals. 
One-way repeated measures ANOVA showed that there was no main effect of treatment 
on food intake in ad libitum fed animals over the course of the treatment (Table 4.3). A 
student’s T-test confirmed that there was not a significant effect of GnIH infusion on the 
final change in body weight and average food intake (Table 4.3). 
 Animals that were food restricted lost weight and fat pad mass regardless of 
infusion treatment. A two-way ANOVA revealed that there was a significant main effect 
of diet on change in body weight at the time of the choice test [F (1, 25) = 73.563, p < 
0.001;  2 = 0.76], hoarding test [F (1. 25) = 122.745, p < 0.001; 2 = 0.841], or at the end 
of the experiment [F (1, 25) = 102.532, p < 0.001; 2 = 0.805] (Figure 4.10). A two-way 
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ANOVA revealed that food restriction significantly lowered the uterine weight [F (3, 23) 
= 11.501, p = 0.000; 2 = 0.299] (Figure 4.10) and weight of the visceral [F (1, 25) = 
19.448, p < 0.05; 2 = 0.435] (Figure 4.10), perimetrial [F (1, 25) = 30.545, p = 0.000; 2 
= 0.567] (Figure 4.10), and subcutaneous WAT pads[F (1, 25) = 52.934, p = 0.000; 2 = 
0.699] (Figure 4.10). There was not a significant main effect of infusion treatment or an 
interaction on any of these variables. 
Experiment 4.4: RF9 does not reduce circulating LH secretion in the female Syrian 
hamster 
 There was not a significant effect of treatment on circulating concentrations of LH 
[F (2, 21) = 0.59, P > 0.05,  2 = 0.07;] (Figure 4.11). Both treatments of RF9 did not 
have a significant effect on LH secretion compared to the vehicle treated control. 
Experiment 4.5: Utilizing GnIH-shRNA to determine that GnIH is necessary for 
estrous cycle fluctuations of ingestive and sexual motivation in food restricted 
female Syrian hamsters 
Reproductive behavior: 
 Food restriction induced estrous cycle fluctuations in ingestive and sexual 
behavior but there were no effects of Doxycycline treatment in female hamsters that 
received ICV injection of GnIH-shRNA. A two-way ANOVA showed that there was not 
a significant main effect of either doxycycline treatment but there was a significant 
interaction of cycle day on the preference to spend time with a male [F (3, 12) = 11.94, p 
< 0.05; 2 = 0.721]. However, there was not a significant interaction of these factors. A 
post-hoc test revealed that male preference was significantly high during the 
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periovulatory period than all other periods of the cycle (Figure 4.13). There was a 
significant main effect of estrous cycle on the total time spent in either the food [F (3, 12) 
= 6.4, p < 0.05;  2 = 0.] and male [F (3, 12) = 13.44, p < 0.05;  2 = 0.163] compartment 
during the choice test. However there was not a main effect of doxycycline treatment or 
an interaction of these factors. 
The total amounts of vaginal scent markings or flank markings were not affected 
by GnIH knockdown. A two-way ANOVA revealed that there was not a significant effect 
of doxycycline treatment on either of these behaviors. There was a significant main effect 
of cycle day on the total number of vaginal scent marks [F (3, 12) = 4.244, p < 0.05;  2 = 
0.55] and flank marks [F (3, 12) = 4.482, p < 0.05;  2 = 0.64]. However, there was not a 
significant interaction of these main effects or either behavior. 
Ingestive behavior: 
 A two-way ANOVA revealed that there was significant main effect of estrous 
cycle on the total of food hoarded during the choice test [F (3, 12) = 12.25, p < 0.05;  2 = 
0.86] (Figure 4.13). A post-hoc test revealed that the total amount hoarded during the 
choice test was significantly lowest during the periovulatory period of the estrous cycle 
compared to all other periods of the estrous cycle. However, there was a not a significant 
main effect of doxycycline treatment or an interaction of these main effects on the total 
amount of food hoarded.  
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Discussion for Chapter 4: 
 The primary findings of the present study were that infusion of GnIH significantly 
increased food hoarding, but not food intake, and significantly inhibited the preference 
for spending time with an adult, sexually-experience male, but not lordosis duration. That 
GnIH binding to its receptor is sufficient for food restriction-induced fluctuations in food 
hoarding and sexual motivation. We had previously shown that food restriction increases 
food hoarding and decreases sexual motivation, and in the present experiments, GnIH 
treatment mimicked these effects. Together, these results suggest that GnIH is sufficient 
for mediating the effects of food restriction on ingestive and sexual behavior.  
 By using the hoarding apparatus, we were able to dissociate the effects of GnIH 
on appetitive and consummatory ingestive behavior. The infusion rate in experiment 4.1 
was selected for its ability to rapidly stimulate food intake in rats (Clarke et al., 2012). 
Unlike rats (Lawrence and Mason, 1955), Syrian hamsters do not over eat in response to 
food deprivation  (Borer et al., 1979; Buckley and Schneider, 2003; Klingerman et al., 
2010; Klingerman et al., 2011b; Rowland, 1982; Silverman and Zucker, 1976), but 
increase their hoarding (Buckley and Schneider, 2003; Wong, 1984). In response to 
signals that stimulating food intake in rodents, such as ghrelin, NPY, and AgRP, Siberian 
hamsters do not increase hoarding behavior immediately, but rather increase their 
hoarding hours after treatment (Dailey and Bartness, 2009; Day et al., 2005; Keen-
Rhinehart and Bartness, 2005; Teubner et al., 2012). In experiments 4.1 and 4.2, we 
selected time points that would allow us to determine if GnIH had a rapid or delayed 
effect on hoarding. Central infusion with 2µg/hour GnIH significantly increased food 
hoarding, but not food intake, within 8 hours and extended throughout the rest of the 
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testing period (Figure 4.2). However, peripheral injection with 600ng GnIH did not 
affect any aspect of ingestive behavior (Figure 4.5).This supports the hypothesis that 
GnIH promotes ingestive motivation without affecting food intake in the female Syrian 
hamster.  
 When examined separately, GnIH did not affect any aspect of reproductive 
behavior or function. Neither continuous infusion nor peripheral injection with GnIH 
reduced vaginal scent marking (Figure 4.3 and 4.6). These results refuted the prediction 
that GnIH would inhibit vaginal scent marking and contradict the ability of GnIH infused 
at a rate of 25ng/hr to reduce vaginal scent marking. However,  GnIH infusion does not 
affect lordosis duration (Figure 4.3) (Piekarski et al., 2013). The treatments of GnIH 
used in these experiments were magnitudes larger treatments that inhibit gonadotropin 
secretion and may have been ineffective in reducing paracopulatory behavior at these 
concentrations. However, neither GnIH treatment reduced LH concentrations (Figure 
4.4). In experiment 4.1, blood was collected at a period of the estrous cycle when LH 
concentrations were low and differences may not have been observable at this point. 
However, in experiment 4.2, blood was collected when LH levels peak. A similar 
inability of GnIH to inhibit LH secretion has been observed in female hamsters (Ancel et 
al., 2012). The inability of central infusion to effect reproductive behavior and function 
could have resulted from super-physiological GnIH doses or the context behavior was 
tested in. 
 The ability of GnIH to control reproductive behavior is observed in other species. 
It is important to compare timing, dose, and administration route when understanding the 
effects of GnIH on reproductive behavior (Calisi, 2014). Acute treatments of GnIH or 
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GnIH RNAi induce rapid changes in consummatory aspects of sexual behavior in female 
white-crowned sparrows, and male rats and quails (Bentley et al., 2006; Johnson et al., 
2007; Ubuka et al., 2014). However, Continuous infusion of GnIH does not affect sexual 
performance in male macaque, sheep, and mice (Clarke et al., 2012) but is able to inhibit 
appetitive aspects of sexual behavior in female Syrian hamsters (Piekarski et al., 2013). 
Rather than inhibit performance, GnIH may play a role in assigning sexual preference, as 
seen with the ability of GnIH to reduce the preference to spend time with a intact male 
over a castrated male hamster (Piekarski et al., 2013). These results suggest that GnIH 
may have acute effects on sexual performance, but prolonged effects on sexual 
motivation. For these reasons, female hamsters in experiment 4.3 were treated with a 
dose of GnIH that inhibits sexual motivation and were tested in a specialized choice 
apparatus designed to mimic aspects of Syrian hamsters’ natural habitat (Schneider et al., 
2007a), which allows us to examine the preference to engage in ingestive or sexual 
behaviors.  
 It is important to note that the activation of GnIH cells and the concomitant 
increase in food hoarding and decrease in male preference are not apparent under typical 
laboratory conditions of unlimited food, housing at room temperature, and in isolation of 
conspecifics (Chapter 3). When female Syrian hamsters are housed singly at 22oC with 
unlimited food, food hoarding is low and the preference for visiting males is high on 
every day of the estrous cycle. By contrast, 25% food restriction significantly reverses the 
preference for spending time with males to spending time with food and increases food 
hoarding (Klingerman et al., 2010). Our prediction was supported and this effect was 
mimicked by infusion with 25ng/hr GnIH (Figure 4.7). These results are consistent with 
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previous studies in which continuous infusion of GnIH in ad libitum-fed females 
decreased the preference for an intact over a castrate male (Piekarski et al., 2013), and 
extends these findings to show that GnIH removes the preference for an adult, sexually-
experience male over food in ad libitum-fed females. Early in the follicular phase and in 
the postovulatory phases of the estrous cycle, food restriction-induced increases in food 
hoarding and decreases in male preference are associated with increases in activation of 
GnIH. However, the ability of GnIH to induce hoarding was absent when given the 
option to spent time with a potential mating partner (Figure 4.8), but increased the time 
with a food source (Figure 4.7). Our hypothesis was partially refuted, such that GnIH 
treatment did not increase hoarding during the choice test but increased and mimicked the 
effects of food restriction on hoarding when examined in isolation during the hoarding 
test (Figure 4.9). Overall, this work supported the hypothesis that GnIH is sufficient for 
mediating the effects of mild food restriction on orchestrating ingestive and sexual 
motivation.  
 Unexpectedly, infusion with 25ng/hr GnIH or food restriction did not inhibit 
vaginal scent marking (Table 4.2). This refutes our prediction and opposes the results of 
previous work, which demonstrated that chronic infusion of GnIH and food restriction 
inhibited vaginal scent marking (Klingerman et al., 2011b; Piekarski et al., 2013).While 
animals received the same dose of GnIH and were tested during the same phase of the 
estrous cycle, differences could have resulted from discrepancies in experimental design. 
In regards to the effect of GnIH infusion, it is likely that discrepancies were caused by 
differences in how behavior was observed. There is precedence in the ability of food 
restriction to not significantly reduce vaginal scent marking (Klingerman et al., 2010). It 
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is possible that food restriction and GnIH were at a threshold point to inhibit this 
behavior. While neither treatment reduced the number of vaginal scent marks, this 
behavior was positively correlated with male preference suggesting that changes in 
vaginal scent markings were associated with changes in sexual motivation.  
 As expected, food restriction significantly reduced body weight and WAT pad 
weight, but GnIH infusion was not able to affect either of these variables. There was no 
preferential loss of WAT, such that visceral, perimetrial and subcutaneous pads all were 
reduced by food restriction (Figure 4.10). This is different from the effect of other mild 
energetic challenges on WAT pad loss (chapter 2 (Abdulhay et al., 2014)). While the 
DMH is thought to have a role in controlling food intake and energy expenditure 
(Elmquist et al., 1999), GnIH treatment did not affect body weight or WAT pad mass. 
These results are consistent with the observations that continuous infusion of GnIH does 
not affect energy expenditure in sheep and rats (Clarke et al., 2012). While it appears that 
GnIH does not have a role in mediating metabolism, GnIH receptor knockout mice lose 
significantly more body weight than wild type mice during fasting (León et al., 2014). 
However, in the present study, GnIH treatment was unable to attenuate food restriction-
induced changes in body condition. 
 RF9 is not a useful compound to antagonist GnIH action in the female Syrian 
hamster. Since RF9 was unable to stimulate circulating LH concentrations (Figure 4.11), 
our prediction, that RF9 would release GnIH-induced inhibition of LH secretion and 
induce a robust increase in circulating LH concentration, was refuted. A similar inability 
of RF9 to stimulate LH secretion has been observed in other species (Calisi, 2014). The 
doses selected in this experiment were effective in stimulating LH secretion in the male 
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and female rats and mice (Pineda et al., 2010b) and RF9 infusion stimulates LH release in 
ewes and mares (Caraty et al., 2012; Thorson et al., 2012).  In addition, RF9 reverses the 
ability of fasting-induced repression of testosterone in the male macaque (Batool et al., 
2014). However, recent work suggest that RF9 is not selective just antagonizing the 
GnIH receptor GPR147. The ability of RF9 to stimulate LH secretion is removed when it 
is administered in concurrently with the Kp receptor, GPR54, antagonist, P234 (Sahin et 
al., 2015) and RF9 is unable to increase firing rate in GnRH neurons in GPR54 KO mice 
(Liu and Herbison, 2014). In addition, RF9 has a higher binding affinity to GPR54 than 
GPR147 (Kim et al., 2015). This suggests that the ability of RF9 to stimulate LH 
secretion is dependent on its ability to agonist Kp action. Since it was ineffective in 
stimulating LH secretion in female hamsters and is not selectively acting on GPR147, 
RF9 is not a useful compound to test if GnIH is necessary for the effects of food 
restriction on ingestive and sexual motivation. 
 GnIH may not be necessary for the ability of GnIH to reduce. Food restriction 
induced changes in ingestive and sexual behavior were not prevented by GnIH-shRNA 
treatment. Food restricted female hamsters that had their GnIH expression knocked down 
or rescued with doxycycline treatment displayed large fluctuations in hoarding behavior 
across the estrous cycle. Hoarding was high early in the estrous cycle and was 
significantly reduced during the periovulatory period (Figure 4.13). In addition, male 
preference fluctuated across the estrous cycle. In both groups, food restriction was low 
but dramatically increased during the periovulatory period. These fluctuations mimic 
changes in behavior previously seen in food restricted animals (Klingerman et al., 2010). 
If GnIH were necessary, it would have been expected that the ability of food restriction to 
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increase hoarding and decrease male preference early in the estrous cycle would have 
been prevented. However, it is important to note that only five of the ten GnIH-shRNA 
treatments were effective in knocking down approximately on average 30% of GnIH-ir 
cells. This level of knockdown may not have been sufficient in suppressing the effect of 
GnIH in mediating the effects of food restriction. Thus, our hypothesis that GnIH is 
necessary for mediating the effects of food restriction on appetitive behavior cannot be 
conclusively rejected. Future work is needed to test this hypothesis and should improve 
injection location and treatment with the GnIH-shRNA to increase suppression of GnIH 
expression.  
 While GnIH cells project to areas that may mediate reproductive and ingestive 
motivation, the mechanisms that GnIH uses to control these behaviors are unclear. In the 
female Syrian hamster, GnIH-containing cells project to the PVN and ARC, which are 
areas that are implicated in the control of feeding behavior, and project to the mPOA, 
BnST, and medial amygdala (ME), which are important areas for the control of 
reproduction. The mPOA is an area that is considered to inhibit female reproductive 
behavior and GnIH infusion increases Fos-ir in these areas (Piekarski et al., 2013). In rats 
and Syrian hamsters, electric stimulation and treatments that prevent protein synthesis in 
this mPOA reduces sexual motivation and receptive behavior (Hoshina et al., 1994; 
Malsbury et al., 1977; Powers and Valenstein, 1972; Ramos and DeBold, 1999). Lesions 
of this area induces lordosis (Malsbury et al., 1980). In support of this, GnIH inhibits 
aspects of reproductive behavior through aromatase activity and estradiol release in the 
mPOA of male quails (Ubuka et al., 2014). While estradiol increases reproductive 
behaviors, it is proposed that GnIH increases neuroestrogen concentrations beyond its 
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optimal levels to inhibit sexual behaviors. A similar mechanism of GnIH may exist in 
Syrian hamsters to inhibit sexual motivation. Because of its location and efferent 
projections, the mPOA could be an area of integration of both hormonal and 
chemosensory information for the regulation of sexual motivation. Future work can 
utilize a pharmacological antagonist to the GPR147receptor, which is effective in Syrian 
hamsters, to target and map sites of action of GnIH by giving localized injections.  
 In chapter 3, we focused on a possible ability of NPY to mediate negative energy 
balance induced changes in GnIH containing cells. However, GnIH may control hoarding 
and sexual motivation through actions on NPY-containing cells. Approximately 40% of 
NPY neurons in the arcuate nucleus of sheep have close appositions with GnIH fibers (Qi 
et al., 2009) and chronic infusion of GnIH increases cellular activation of NPY cells in 
sheep and increases expression of NPY in rats (Clarke et al., 2012). This interaction 
between GnIH and NPY may be important for relaying energetic condition to GnIH cells 
but important for controlling the effect of energetic challenge on prioritizing ingestive 
motivation. NPY is necessary and sufficient for controlling food deprivation-induced 
hoarding behavior. Central injection of NPY and an agonist for the NPY YI receptor 
induces hoarding behavior in Siberian hamsters (Day et al., 2005; Teubner et al., 2012). 
Administration of the Y1 receptor antagonist, BIBO3304, prevents food deprivation-
induced food hoarding in the Siberian hamster only in the perifornical area (Dailey and 
Bartness, 2009). While activation of the Y1 and Y5 receptor may be important for 
stimulating food intake and hoarding, treatment with a NPY Y2 receptor  agonist in the 
mPOA, PVN, or lateral ventricle  reduces lordosis duration in Syrian hamsters (Gréco et 
al., 2001; Keene et al., 2003). In male rats, NPY inhibits reproductive behaviors only 
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when given the choice to ingest sucrose (Ammar et al., 2000). This highlights a possible 
role of GnIH utilizing NPY in assigning behavioral priorities. Future work, can utilize the 
BIBO3304 and other NPY receptor antagonists can be utilized to determine if NPY 
action is necessary for GnIH to mediate ingestive and sexual motivation.  
 In summary these results show that GnIH was sufficient but not necessary for 
mediating the effects of food restriction to reduce male preference and promote hoarding 
during non-fertile periods of the estrous cycle. In the previous chapter, food restriction-
induces increases in activation of GnIH-ir cells during this non-fertile period, however, 
the effects of food restriction on GnIH activity are removed during the period of greatest 
fertility (Experiment 3.1), which mimicked decreases in hoarding behavior and increases 
in male preference at this time (Klingerman et al., 2010). This correlation has been shown 
previously, such that food restricted-induced changes in GnIH/Fos-ir colocalization are 
positively correlated with hoarding and negatively correlated with vaginal scent marking. 
Together, these results support the idea that GnIH is a part of a system that priorities 
ingestive and reproductive behavior to promote reproductive success in environments 
with unpredictable energy availability. Many behavioral mechanisms were molded by 
evolutionary forces in their natural environments, so it is important to understand the 
ecological context that hormonal mechanism may control behavior. In the hamster’s 
natural environment in Syria and Turkey, energy availability may become unpredictable 
or scarce. GnIH may be important to promote foraging and ingestive behavior to acquire 
energy for survival and reproduction, such that when the opportunity to mate occurs, 
there will be enough energy to successfully reproduce. However, future work is needed to 
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demonstrate if GnIH is necessary for the ability of food restriction to change behavioral 
priorities or is it a non-functional correlate.  
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Table 4.1 
 
 
 
 
Table 4.1: Mean and standard error of the mean for change in body weight (grams), 
gonadal WAT (grams), visceral WAT (grams) in female Syrian hamsters centrally 
infused with 0.9% saline or 2µg/hr GnIH for 48 hours. 
 
 
 
 
 
             
Weights in Experiment 4.1     
 
Change in BW Gonadal Visceral  
Saline 0.278 ± 0.524 0.6102 ± 0.066 0.4477 ± 0.062 
GnIH (-)1.433 ± 0.94 0.7197 ± 0.076 0.545 ± 0.132 
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Table 4.2: In experiment 4.3, mean and standard error of the mean for the total time 
(Standop et al.) spent in the home, male, and food compartments in female Syrian 
hamsters fed either ad libitum or 75% of their ad libitum food intake and centrally 
infused with 0.9% saline or 25 ng/hr GnIH 11 days. Mean and standard error of the mean 
for male preference, calculated as the ((time spent with males minus the time spent with 
food) divided by the total time). Mean and standard error of the means for total vaginal 
scent markings (VM) or flank markings (FM). Mean and standard error of the mean and 
the standard error of the mean for the total time  spent sniffing a male, grooming, 
digging, biting, eating, and hoarding 
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Table 4.3:  The mean and standard error of the means for food intake in ad libitum-fed 
female Syrian hamsters centrally infused with either 0.9% saline or 25 ng/hr GnIH for 14 
days. 
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Table 4.4: The mean and standard error of the means for change in body weight in 
female Syrian hamsters fed either an ad libitum or 25% food restriction diet and centrally 
infused with 0.9% saline or 25ng/hr GnIH for 14 days 
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Figures 
A)
 
B)
 
Figure 4.1: A) A diagram of the chronology of experiment 4.3. Subjects were implanted 
with osmotic minipups that infused either Saline or GnIH into the lateral ventricles two 
days later. Animals were further divided into groups that were either fed an ad libitum 
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(AD) or food restriction (FR) diet starting 3 days after surgery. Eight days later, animals 
were tested in the choice apparatus on day 3 and in the hoarding apparatus on day 1 of 
their estrous cycle. Immediately after behavioral data was collected, females were 
perfused to check for cannula placement and osmotic pumps were tested for patency. B) 
A diagram of the chronology of experiment 4.4. Subjects that were injected with GnIH-
shRNA were split into two groups that were either treated with Doxycycline in their 
water or vehicle. Four days later all animals were given a food restriction diet of 75% of 
their daily intake for 12 days.  After 8 days of food restriction, animals were tested in the 
choice apparatus for four days at the onset of the dark photoperiod.  Animals were refed 
for a period of 6 days. After 2 days animals were given reverse treatments in their water. 
Four days later all animals were given a food restriction diet of 75% of their daily intake 
for 12 days.  After 8 days of food restriction, animals were tested in the choice apparatus 
for four days. 
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Figure 4.2: Mean and standard error of the mean for cumulative hoard ratio, calculated 
as the (experimental hoard (g) ÷ (baseline hoard (g) + 1)) (top) and cumulative food 
intake (bottom) in hamsters that were centrally infused with either GnIH or saline. 
Hoarding and food intake were measured 2, 4, 8, 24, and 48 hours after animals were 
allowed access to the hoarding apparatus. GnIH treatment significantly increased 
hoarding behavior from baseline measurements within 8 hours of treatment. GnIH 
infusion did not significant effect cumulative food intake measured over the course of 48 
hours.  
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Figure 4.3:  Mean and standard error of the mean for vaginal scent marking during the 
15 minute-day 3 sex test in females that were either centrally infused with either saline or 
GnIH (top). Mean and standard error of the mean for prelordosis and lordosis duration 
during the 10 minute-day 4 sex test (bottom). ICV infusion of GnIH did not affect 
appetitive or consummatory aspects of sexual behavior.  
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Figure 4.4: Mean and standard error of the mean for plasma LH concentrations in 
animals that were centrally infused with either saline of GnIH (top) and animals that were 
given an IP injection of either saline or GnIH (bottom). Serum LH concentrations were 
not affected by either central or peripheral treated of GnIH. 
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Figure 4.5: Mean and standard error of the mean for hoard ratio, calculated as the 
(experimental hoard (g) ÷ (baseline hoard (g) + 1)) (top) and food intake (bottom) in 
hamsters that were given an IP injection of either saline or GnIH. Animals were placed in 
the hoarding apparatus 30 minutes after injection and hoarding and food intake were 
measured 1, 2, 4, 8, 20 hours after animals were allowed access to the hoarding 
apparatus. GnIH treatment significantly increased hoarding behavior from baseline 
measurements within 8 hours of treatment. GnIH injection did not significantly affect 
hoarding or food intake.    
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Figure 4.6: Mean and standard error of the mean for vaginal scent marking during the 15 
minute-day 3 sex test in females that were either centrally infused with either saline or 
GnIH (top). GnIH injections did not significantly affect vaginal scent marking or flank 
marking. 
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Figure 4.7: Behavioral results from the 90 minute choice test. Mean and standard error of 
the mean for male preference, calculated as the (time spent with males minus the time 
spent with food) divided by the total time) (top), and the spent in either the male or food 
cage (bottom) during the first 15 minutes of testing. Animals were either fed ad libitum or 
a food restriction diet  for 8 days and either centrally infused with 0.9% saline or GnIH 
(500 ng/day for 10 days. Groups indicated by * are significantly different from ad libitum 
fed saline treated animals at p < 0.05 and * * is significantly different at p < 0.01. 
Difference in the time spent in either the male or food cage are indicated by * * * and 
are significantly different at p < 0.001.  
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Figure 4.8 Mean and standard error of the mean for total food hoarded (top) and food 
intake (bottom) during the 90 minute choice test. Animals were either fed ad libitum or a 
food restriction diet  for 8 days and either centrally infused with 0.9% saline or GnIH 
(500 ng/day for 10 days).   There was a significant effect of food restriction on hoarding 
behavior during the choice test at p < 0.01, but there was no effect of GnIH treatment on 
hoarding. There was neither an effect of diet or treatment on food intake during the 90 
minute test. 
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Figure 4.9: Mean and standard error of the mean for total food hoarded (top) and food 
intake (bottom) during the 24 hour hoard test. Females were allowed access to the 
hoarding apparatus and had hoarding and food intake measured at 90 minutes and 24 
hours. Animals were either fed ad libitum or a food restriction diet  for 10 days and either 
centrally infused with 0.9% saline or GnIH (500 ng/day for 12 days). There was a 
significant effect of food restriction and GnIH infusion on hoarding behavior during the 
hoard test at p < 0.05.   
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Figure 4.10: Mean and standard error of the mean for A) visceral B) perimetrial C) 
subcutaneous fat pad weights. Mean and standard error of the mean for D) uterine weight. 
Animals were either fed ad libitum or a food restriction diet  for 11 days and either 
centrally infused with 0.9% saline or GnIH (500 ng/day for 13 days). There was a 
significant effect of food restriction but not GnIH infusion on weight of uterus, visceral 
fat pad, perimetrial fat pad, and subcutaneous fat pad at p < 0.05. 
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Figure 4.11: Mean and standard error of the mean for plasma LH concentrations in 
animals that were either infused with 0.9% saline, RF9 20nmol, or RF9 40nmol.  Serum 
LH concentrations were not affected by either dose of RF9.  
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Figure 4.12: GnIH-ir (red) and BFP-ir (green) cells in the DMH in female hamsters that 
received either ICV injection of A) GnIH-shRNA or B) sham surgery. C) Mean and 
standard error of the mean for the total number of GnIH-ir cells in animals either received 
an ICV injection of GnIH-shRNA or a sham surgery.   
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Figure 4.13: Mean and standard error of the means for (top) total hoarded (g) and 
(bottom) male preference for food restricted females that were either treated with 
doxycycline or vehicle. 
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Chapter 5 
 
Summary of Findings and Conclusion 
 
 The data presented in this dissertation are consistent with the idea that ovarian 
steroids interact with neuropeptide systems to prioritize ingestive and sex behaviors. 
GnIH cell activation and ingestive behavior were significantly increased by mild food 
restriction, and this effect did not occur when ovarian steroid concentrations were 
elevated (either by natural endogenous increases or experimental manipulations) 
(Figures 3.5 and 3.9). Furthermore, I found that in ovariectomized females the 
attenuation of GnIH cell activation was accomplished by treatment with progesterone 
alone, progesterone plus estradiol, but not by estradiol alone (Figure 3.9). In contrast to 
GnIH cell activation, activation of Kp cells was not closely associated with changes in 
behavior induced by metabolic challenges (Figures 3.6 and 3.7). In both the AVPV and 
the Arc, the two main populations of Kp cells, Kp cellular activation was effected by 
neither mild energetic challenge nor the phase of the estrous cycle. This refuted our 
hypothesis that exaggerated fluctuations in Kp secretion control exaggerated fluctuations 
in appetitive ingestive and reproductive behaviors across the estrous cycle during food 
restriction. In summary, I found a close match between GnIH cell activation and 
appetitive sex and ingestive behavior over the estrous cycle, and the effects of hormones 
over the estrous cycle were mimicked by treatment with progesterone alone, estradiol 
plus progesterone, but not estradiol alone. These results suggest that GnIH may be part of 
the mechanism that increases ingestive behaviors and decreases sex behaviors in 
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energetically challenged females, and furthermore, that ovarian steroids can inhibit GnIH 
cell activation. Thus, ovarian steroids at the time of estrous might inhibit GnIH cell 
activation and thereby switch behavioral priorities from a preference for food to a 
preference for sex.  
          Whereas my initial experiments showed that GnIH activation was correlated with 
changes in appetitive behaviors, by ICV administration of GnIH, I demonstrated a causal 
stimulatory effect of GnIH on food hoarding and an inhibitory effect on sexual 
motivation. The effects of GnIH appeared to be more robust with regard to appetitive sex 
behavior than on appetitive ingestive behavior. There were only partial effects of GnIH 
on food hoarding and little or no effect on consummatory sex (lordosis) and ingestive 
behavior (food intake). These results emphasize the important of studying appetitive as 
well as consummatory sex and ingestive behaviors. GnIH, at the dose I used (500ng/day), 
only partially mimicked the effect of food restriction on food hoarding (Figure 4.9). For 
example, mildly food-restricted hamsters typically hoard more than GnIH-treated 
hamsters fed ad libitum. The same dose of GnIH was more effective at attenuating the 
preference for males vs. food in ad libitum-fed females. This effect on appetitive sex 
behavior was confirmed in previously published work from the Kriegsfeld laboratory. 
Continuous infusion of GnIH in ad libitum-fed females decreased vaginal scent marking 
and the preference for an intact over a castrate male (Piekarski et al., 2013), and I extend 
these findings to show that GnIH removes the preference for an adult, sexually-
experience male over food in ad libitum-fed females.  
           Experiments in chapter 2 show that it is not food restriction, per se, but an overall 
energy deficit that changes behavioral priorities. Sexual motivation was decreased (in the 
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early follicular phase of the estrous cycle) by cold housing and by housing with a running 
wheel. It is not known how energetic deficits are communicated to GnIH containing cells, 
but one possibility is that the deficits are signaled by low levels of leptin that are induced 
by all of these metabolic challenges. This was supported by low levels of leptin induced 
by all three metabolic challenges (food restriction, cold housing, and increased wheel 
running) (Figures 2.6, 2.11, and 3.4). Future work should be aimed at understanding 
whether leptin influences GnIH cells directly by leptin receptors on those cells or 
indirectly via other cells that project to GnIH cells. In addition, future work should 
examine possible neuronal mechanisms that control the different ingestive behavioral 
responses to cold ambient temperatures and increased wheel running. By using Fos-ir 
staining, Teubner et. al., 2012 dissociated neuronal populations in the Siberian hamster 
that are associated with either food intake or hoarding in response to central NPY and 
AgRP treatment. In the Syrian hamster, these methods can be used to further characterize 
the mechanisms that control appetitive and consummatory aspects of ingestive behavior. 
In my experiments, there appear to be two strategies in Syrian hamsters: In response to 
exercise, hamsters increase food intake; in response to cold ambient temperature, they 
increase food hoarding. It might be possible to compare Fos-ir in different brain areas 
from hamsters exposed to these two metabolic challenges. This might reveal the specific 
brain areas that control hoarding vs. eating.  
          It is not yet known how the effects of energetic challenges on behavior are blocked 
by ad libitum food availability or by high levels of ovarian steroids (especially 
progesterone), but it is possible that food and steroids act on similar mechanisms. Since 
low levels of estradiol and progesterone are known to block sensitivity to leptin by 
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decreasing brain receptors for leptin, the stimulatory effects of leptin on food hoarding 
would be expected to be stronger during the postovulatory and early follicular phase of 
the cycle. By contrast, during the periovulatory phase of the cycle, when estradiol and 
progesterone are higher in brain, leptin receptors would be expected to increase. The 
resulting high sensitivity to leptin would be expected to decrease food hoarding and 
increase sexual motivation. Future experiments should be aimed at looking at the effects 
of ovarian steroids and energetic challenges on the density of leptin receptors or leptin 
receptor gene expression on GnIH cells or in areas that project to GnIH cells. 
 Food restriction-induced fluctuations in GnIH cellular activation over the estrous 
cycle are not associated with changes in estradiol, progesterone, or leptin concentrations 
(food restriction decreases serum concentrations of leptin, but these low levels did not 
differ over the days of the estrous cycle) (Figure 3.4), and thus it is possible that the 
estrous cycle fluctuations might be related to changes in sensitivity and receptor density. 
As seen in Chapter 2, food restriction did not reduce concentrations of either ovarian 
steroid. Estrous cycle fluctuations in GnIH activation cannot be attributed to the 
inhibition of the HPG system in food restricted animals, because there was no evidence 
of inhibited steroid synthesis. Steroids are known to be secreted as they are synthesized. 
This further supports the hypothesis that activation of GnIH cells are more closely 
associated with changes in brain mechanisms that control motivation, rather than changes 
in the function of the HPG system. It is more likely that food restriction-induced 
fluctuations in appetitive behaviors are mediated through changes in the sensitivity to 
ovarian steroids. In Syrian hamsters, treatments that induce severe energetic challenge, 
such as total food deprivation in very lean females, change the number of ERα-ir cells in 
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specific hypothalamic nuclei, with no effect on PR (Early et al., 1998; Jones and Wade, 
2002; Li et al., 1994; Panicker and Wade, 1998). Food restriction may alter the sensitivity 
of GnIH-containing cells at the time of estrus, by upregulating expression of ERα. These 
older experiments used hamsters subjected to very severe energetic challenges, and so 
they do not apply directly to my results. In my experiments, restriction-induced GnIH cell 
activation in OVX females was prevented by treatment with progesterone alone, but not 
estradiol alone. Thus, my work points to changes in sensitivity to progesterone. 
          PR-ir was not colocalized with GnIH-ir cells (Figure 3.10). This suggests that 
progesterone may not act directly on GnIH-containing cells but on other cells that have 
PR and project to GnIH cells. Progesterone may prevent food restriction-induced 
activation of GnIH cells indirectly through progesterone sensitive projections from the 
Arc or VMH. Alternatively, progesterone might act on GnIH cells through nonclassical 
nongenomic action.  In addition, progesterone may mediate its actions on GnIH 
containing cells through membrane bound progesterone receptor (mPR). Future work can 
use BSA-conjugated progesterone to isolate the possible action of mPR or utilize 
microinjections of progesterone in areas such as the ARC or VMH to determine potential 
binding targets of progesterone that attenuate GnIH cellular activation. 
          In my experiments, progesterone treatment alone was given at a dose and timing 
that promotes food intake and reduces aggression (Fraile et al., 1987; Payne and 
Swanson, 1971), In female Syrian hamsters, progesterone reduces aggressive behavior 
(Meisel et al., 1990; Meisel and Sterner, 1990; Payne and Swanson, 1971; Takahashi and 
Lisk, 1985a) and is independent of estrogen-inducible PR (Fraile et al., 1987).  Schneider 
lab undergraduates are finding that food restriction decreases the latency to show 
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aggression on Day 3 of the estrous cycle, and leptin treatment blocks this effect (Hutton, 
Young, Brozek, and Schneider, in preparation). Future work can determine if GnIH has a 
role in mediating aggression by treating, female Syrian hamsters with ICV GnIH infusion 
and testing for the latency to attack, number of bites, and attacks and determining 
whether the effects of mild energetic challenges and low leptin decrease PR and ER in 
brain areas that project to and from the DMH.  
          Another candidate for relaying energetic condition to GnIH cells is NPY. Since 
NPY fibers project to GnIH cells in the Syrian hamster (Klingerman et al., 2011b), future 
work could utilize NPY receptor antagonists to determine if NPY signaling is necessary 
for the ability of food restriction to induce activation of GnIH cells. To determine if the 
availability of oxidizable fuels is important for controlling GnIH cellular activation, 
treatments with 2DG and MP can be utilized. NPY cells contain leptin receptor and 
absence of leptin associated is associated with increases in NPY and increases of leptin 
are associated with decreases in NPY. This suggests that decreased leptin in the early 
follicular phase might influence food hoarding via cells that secrete NPY. High levels of 
progesterone at the time of estrous might increase the number of leptin receptors on NPY 
cells thereby inhibiting NPY secretion and food hoarding. 
  While I collected evidence demonstrating GnIH is sufficient for the effects of 
food restriction on ingestive and sexual motivation, experiments 4.4 and 4.5 tested the 
hypothesis that they are necessary. First, I tested the GPR147 antagonist, RF9, to 
determine whether it can antagonize GnIH action in the female Syrian hamster. I 
predicted that central injection of RF9 would prevent GnIH action and would stimulate 
circulating LH concentrations. However, treatments with RF9, that were effective in 
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stimulating LH secretion in several laboratory models, were unable to change LH 
secretion in the female Syrian hamster. Other laboratories are starting to report a similar 
inability of RF9 to antagonize GnIH action (Calisi, 2014) and recently RF9 has been 
suggested to agonize Kp action (Sahin et al., 2015) and act as an agonist and not 
antagonist to GPR147 (Kim et al., 2015).  Recently, several laboratories at the University 
of Otago have developed a pharmacological antagonist, GJ14,  with a much greater 
binding affinity for the GPR147 receptor (Kim et al., 2015). If obtained, this could 
potentially be a useful compound in determining if GnIH action is necessary. Second, I 
tested the ability of RNA interference of the GnIH gene using GnIH-shRNA to prevent 
food restriction induced changes in behavior. While this treatment is able to prevent 
stress induced infertility inhibition of reproductive behavior in rats (Geraghty et al., 
2015), this treatment did not prevent food restriction-induced changes ingestive and 
sexual motivation. These data suggest that GnIH is not necessary for mediating the 
effects of food restriction. However, approximately 30% of GnIH-ir cells remained in the 
virus injected females, and this level of GnIH expression may have been sufficient to 
potentiate the effects of food restriction on behavior. Further work is needed to properly 
test this hypothesis and to determine if this is a necessary mechanism for the effects of 
food restriction on behavior or if this is a non-functional correlate or if this is a redundant 
mechanism that mediates the effects of food restriction on behavior.  
 In sum, all of my data fit the model shown in Figure 5.1. The neuron at the top 
represents a cell that stains positively for GnIH. In the presence of low levels of ovarian 
steroids, metabolic signals from low food availability and resulting low leptin 
concentrations increase the activation of these GnIH cells, which is presumed to reflect 
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increased GnIH secretion. It is possible that low food availability decreases leptin 
receptors on NPY cells that project to and stimulate GnIH cells. The elevated GnIH 
secretion increases food hoarding and decreases sexual motivation. In the wild, this 
presumably decreases mate-searching and vaginal scent marking and promotes vigilant 
food hoarding. In mildly food-restricted females at the time of estrous, high levels of 
ovarian steroids block the increase in GnIH cellular activation and GnIH secretion, 
possibly by increasing leptin receptors on NPY cells, and increasing sensitivity to the 
inhibitory effects of leptin, thereby reversing the behavioral priorities so that females 
decrease interest in food and increase the desire for sex. Thus, at the time of estrous, 
sexual motivation is high and huger for food and the urge to hoard food is decreased. 
          It is not known how GnIH can cause changes in behavior. For reasons discussed at 
the end of chapter 4, it is possible that increased GnIH secretion can increase ingestive 
motivation and decrease sexual motivation through decreases in GnRH secretion or 
through its projections to the ARC and mPOA. Microinjections of GnIH or a potent 
GPR147 antagonist in specific nuclei, such as the mPOA, BnST, PVN, and Arc can shed 
light on potential sites of GnIH action in controlling appetitive ingestive and sexual 
behaviors. During the periovulatory period, high levels of estradiol and progesterone 
reduce secretion of GnIH possibly through progesterone action on leptin receptors on 
NPY containing cells or progesterone sensitive projections in the Arc and VMH. This 
reduction in GnIH secretion could disinhibit sexual motivation and reduce stimulation of 
GnIH.  
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          Collectively, I have uncovered some of the neuroendocrine steps involved in the 
control of behavioral priorities that might optimize reproductive success in environments 
where energy supply and demand fluctuate. 
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Figure 5.1: Proposed model based on the data presented in this dissertation 
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